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ABSTRACT
To improve the performance of sliding systems, surface modifications and coatings are
often applied to opposing surfaces. This thesis focuses on characterizing two tribo-systems
(DLC-DLC and steel micropatterns-flat) under their predicted application environments. The
first section is focused on friction testing of micropatterned surfaces for orthopaedic device
design, the second section elucidates how the sliding of diamond-like-carbon (DLC) coatings
changes with temperature and humidity. The experimental design and major results of these
sections are as follows.
(1) The use of micropatterning to create uniform surface morphologies has been cited as
yielding improvements in the coefficient of friction during high velocity sliding contact. Studies
have not been preformed to determine if these micropatterns could also be useful in biomedical
applications, such as total joint replacement surfaces, where the lower sliding velocities are used.
In this study, the effect of pattern geometry, feature size and lubricant on contact friction and
surface damage was investigated using 316L steel in sliding contact with a stainless steel and
polyethylene pins. Using a novel proprietary forming process that creates millions of
microstructures in parallel, a variety of micropatterned surfaces were fabricated to study the
influence of shape (oval, circular, square), geometry (depressions, pillars) and feature size (10,
50 and 100 mm) on both contact friction and surface damage. The coefficients of friction were
measured for each surface/lubricant/pin system using a CETR scratch testing system. Results
showed that round depressions with diameters of 10 μm had a significantly lower steady state
coefficient of friction than the non-patterned substrates or substrates with greater diameter
depression patterns.

ii

(2) The use of diamond-like carbon (DLC) has been cited as a friction and wear reducing
coating during sliding contact and is widely used in the hard disk drive (HDD) industry. Studies
have not shown the simultaneous effects of the temperature and humidity or temperature and
load on DLC coatings. This project will show the effects on the friction and wear of nonhydrogenated DLC coatings in high temperature environments (23 to 250 °C), various humid
environments (10 – 95 %RH), dependence on load (2.66 to 10 N), and the combined effects each
environmental condition. The DLC coatings being used in this study are ta-C (tetrahedral
amorphous-carbon) and a-C (amorphous-carbon), which were deposited onto a substrate of
Al2O3-TiC (Seagate) and 440C stainless steel counterface pin. The friction for this tribosystem
was monitored by a built in-house POD system, which can control the humidity levels and can
reach temperatures up to 300°C. It has been shown that the a-C is less sensitive to the humidity
levels, but is more sensitive to the surrounding temperature than ta-C DLC coatings.
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CHAPTER ONE
INTRODUCTION TO TRIBOLOGY
1.1: Research Intent
The intent of this research is to further understand how surface processing, both
micropatterning and coatings, can be used to control the friction and wear in
tribosystems. This thesis focuses on how changes in environmental conditions (lubricant,
humidity and temperature) change both the friction and wear rates in these systems. The
two systems being studied are micropatterned 316L, for potential applications in
orthopaedic devices and diamond-like-carbon coatings, used for applications ranging
from hard drives to systems. This thesis will then give readers an overview of the current
work on micropatterning (Chapter 2) and then will discuss our recent finding on the
tribology of micropatterned 316L stainless steel by Hoowaki LLC (Chapter 3). Chapter 4
will introduce the uses, structure, formation, characterization, and tribology of DLC and
discusses how temperature and humidity variation will alter the sliding wear of
hydrogenated and non-hydrogenated DLC coatings. To test the DLC systems, the pinon-disk tribometer was rebuilt and optimized for this project (Chapter 5). Chapter 6 will
show the findings for environmental condition dependence (temperature, humidity, load)
along with film composition, will influence the DLC-DLC coating tribosystem operating
under sliding contact.
When two surfaces come into sliding contact there will be an intimate interaction
between the two surfaces, which controls the force needed to start, continue, and stop
sliding. In addition the surfaces can degrade. The study of friction, wear, and lubrication

	
  

1	
  

of these interacting surfaces is tribology. Friction is described as the force resisting the
motion of two surfaces as they come into contact, while wear is the erosion and
displacement of material caused from two surfaces coming into contact. To reduce the
interactions of the two sliding surfaces lubricants can be used, and as a result will cause a
reduction in the friction and wear between the two surfaces. This reduction of the friction
and wear will increase the material lifetime of the sliding surfaces.
The lifetime of mechanical assemblies are often controlled by the friction and
wear of the sliding surfaces. Sliding surface material that comes into contact with one
another (and the lubricant) are considered a tribosystem. The amount of wear, or loss of
material, seen in each tribosystem depends on the key parameters, which include sliding
contact, rolling contact, the normal force, velocity, temperature, etc. Friction and wear
are the result of physical interactions between two materials as they slide over each other.
These interactions are influenced by the material composition, the geometrical and
topographical characteristics of the surfaces, the applied load, and the environmental
conditions under which the surfaces are made to slide against each other [1.1]. Friction
and wear are not totally correlated, which means low friction does not always mean low
wear and high friction does not always mean high wear. These two features are caused
by different mechanisms and are governed by different physical and chemical material
properties.
A comprehensive model that can predict wear based on changes in material
composition, structure or environment has yet to been developed.

However, some

general trends have been identified, experimental analysis of each unique tribosystems
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are needed to understand friction and wear for individual applications.

The work

contained in this thesis will attempt to fill in some of the gaps in literature for the DLCDLC tribosystem and surface modification of 316L stainless steel.
One method to control the friction and wear of a mechanical assembly is to apply
a coating. These coatings are usually split into two different categories: hard coatings
and soft coatings. Hard coatings (hardness >10 GPa) are usually applied to reduce wear
[1.2], but as a trade-off the friction is usually increased. Soft coatings (hardness <10
GPa) are usually applied to reduce friction, but the wear rates of these coatings are high
[1.2]. DLC coatings can be very useful because they can provide the benefits of both
hard and soft coatings.

1.2: Friction Mechanisms
Although the magnitude of friction controls the amount of force needed to slide
surfaces, the friction mechanisms are complicated and are not completely understood.
The identification of these mechanisms is vital to the design of the engineered surfaces,
which is needed to battle friction. The friction force, F, according to the Bowden-Tabor
model is represented as:

F = AS + FP

(1.1)

where A the area of contact, S the shear strength, Fp the friction due to plowing [1.3]. In
order to reduce friction, a decrease in shear strength and minimization of plowing is
required. This made soft thin films and coatings popular in tribological applications,
because the hard substrate would cut down on the area of contact and reduce the plowing

	
  

3	
  

term, while the thin coating would provide a low shear strength material to slide against.
This model only explained one friction mechanism, another model is needed to show
exactly how the two surfaces are interacting with one another. Other models have shown
that friction is also contributed to by three sources: an abrasion source, a shearing source,
and an adhesion source (Figure 1.1) [1.2].

Figure 1.1: Schematic of the three different causes of friction: abrasion, shearing, and
adhesion [1.2]. This image was reprinted without permission.
The abrasive component of friction comes from the interaction of asperities on the
material surfaces and the trapped debris between the two surfaces.

Secondly, the

shearing component of friction comes from the flow of material that is trapped between
the two surfaces while sliding is occurring. While the abrasive and shearing friction
components sound similar, material deformation for third bodies or a tribofilm occurs
during the shearing mechanism, while for the abrasion mechanism these secondary
bodies do not occur. Thirdly, the adhesive component of friction comes from the transfer
of material from one surface to the other as sliding occurs.

Knowing the friction

mechanisms allows the ability to know how to modify the material surface to reduce
friction.
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To reduce friction in sliding systems coatings or thin films are often applied. In
solid films or coatings, the film thickness has been shown to affect the friction seen in the
tribosystem. With thicker films, the coefficient of friction is typically increased due to
the plowing mode. However in thinner films, the asperities of the substrate “poke
through” the surface of the film causing asperity contact, which increases the friction
[1.4].

Engineered surfaces to reduce the friction seen in sliding systems will be

elaborated more in Chapters 2 and 5.

1.3: Wear Mechanisms
Wear is the removal of material during sliding due to physical separation,
corrosion, or even by melting at the point of contact.

Typically, the main wear

mechanisms are identified as abrasive wear, adhesive wear, corrosive wear, and fatigue
wear. In addition, the major wear mechanism prevalent during sliding can change due to
frictional heating, tribofilm formation, and physical changes in the surface of the
material.
These mechanisms are not exclusive and typically exist together, and one
mechanism will often have a larger effect on the wear rate. The following sections will
discuss wear mechanisms, the general descriptions of wear mechanisms and wear
particles.
1.3.1: Abrasive Wear
The abrasion wear mechanism is present whenever two material surfaces have
direct contact during sliding, such as in the roller and piston of internal combustion
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hemical reactions are highly activated and accelerated by frictional
ofracture, and successive removal of reaction products.
ribed as chemical wear or tribochemical wear.
s governed by surface melting caused by frictional heating or by
stress. These types of wear are described as thermal wear, where
engines [1.5]. This mechanism consists of plowing, wedging, cutting, and scratching of
mperature govern the process.
the material surface (Figure 1.2). Plowing is the flow of material laterally from the point
terms of mechanical,
chemical, and thermal wear are useful to a
ar because almost
all this
models
of wear
arewear
included
in these
of contact;
mode does
not create
particles [1.6,
7]. The three
plowing mode can be
ferent definitions
are summarized in Figure 7.6 to show the relative
seen in the steel pin sliding against a brass plate tribosystem [1.6] and other tribosystems
where a hard pin is sliding against a softer plate. Particles can gather in front of the

counterface pin and cause a pileup of material, such as seen in the steel-steel tribosystem
echanisms
[1.6]. This pileup of material is known as the wedge mode. The removal of material

ntative wear modes,
the four wear modes shown in Figure 7.7 are
during sliding due to shearing of the surface, such as seen in the steel pin sliding against a
s based on those wear modes are explained in detail. In addition,
plate, is known as the cutting mode [1.6]. Like with the plowing mode, the cutting
nical wear of brass
ceramics
is explained.
mode is mostly seen in tribosystems with a hard counterface pin sliding against a softer
plate. Scratching is very similar to cutting, but consists of a lower stress causing smaller

wear particles
and less
deformation
[1.6].bonding
This section
will review the abrasive
urfaces under plastic
contact
hassurface
enough
adhesive
strength
deformationwear
caused
by dislocation
is introduced
in asthe
mechanism
since it is very prevalent
in steel sliding
wellcontact
as DLC sliding.
ing. As a result of such large deformation in the contact region, a

Figure 1.2: Schematic of the abrasive wear mechanism [1.8]. This shows the cutting
mode of the abrasive wear, where the crack is propagated in front of the counterface pin,
creating a wear particle. This image was reprinted without permission.
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Abrasive wear can be recognized when a groove, or wear track, is formed on the
weaker, less hard, surface [1.8]. In addition, different wear particles can be formed
depending on the properties of the material being deformed, softer less brittle materials
tend to form long wear particles through microcutting, while harder more brittle materials
wear particles are formed via crack propagation [1.8].
Each mode of the abrasion mechanism creates a different type of wear particle.
Cutting mode creates a long wear particle, which mostly happens in ductile materials,
while scratching creates much smaller wear particles [1.6]. The wedge mode creates
wear particles that are formed in front of the counterface pin causing a pileup of material
[1.6]. Sliding occurs at the base of this wedge, while thin transfer films are adhered from
the counterface to the front of the pin. This combines two wear mechanisms, the fracture
of the counterface and subsequently the adhesion of the counterface. Wear particles for
the plowing mode are only generated after repeated surface contact and accumulation of
near surface plastic flow. In brittle materials the cutting wear mode is the dominant cause
of wear, while the plowing mode is suppressed. This is due to the cracks forming and
propagation on the surface of the material as contact occurs. So for brittle materials,
fracture toughness is the dominant material property to suppress wear and the formation
of wear particles [1.8].

The abrasive wear mechanism is highly dependent on the

mechanical hardness of the two sliding materials, this material hardness determines
which mode will be the most prevalent.
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the traditionally accepted representative wear modes, the four wear modes shown in
sidered, and the wear mechanisms based on those wear modes are explained in detai
wear mechanism based on mechanical wear of ceramics is explained.
1.3.2: Adhesive Wear

transfer of material from one contact face to the other is known as adhesive
5.1 AdhesiveThe
Wear

wear [1.8].
This happens
the adhesive
forcesplastic
between contact
the two surfaces
overcomes adhesive bon
he contact interface
between
twowhen
surfaces
under
has enough
resist relative thesliding,
largeofplastic
caused
by dislocation
is introduced i
shear strength
either thedeformation
surface material or
the counterface
pin (Figure 1.3).
ion under compression
shearing.
As ain result
suchthere
large
deformation
in the con
Adhesive wear and
can commonly
be seen
machinesofwhere
is intimate
contact

URE 7.7

between two metals [1.9].

Figure 1.3: Schematic of the adhesive wear mechanism [1.8]. This shows a crack
propagating from wear, while the surface above the crack is adhering to the counterface
pin. This image was preprinted without permission.
Large shear stresses introduce a crack into the surface of the material, which
propagates as the two surfaces slide over each other. Once the crack reaches the contact
interface, a wear particle is formed and a transfer of material has occurred. This typically
produces two distinct types of wear particles: a thin “flake-like” wear particle and a
wedge-like wear particle. The “flake-like” wear particles form due to the shear at the

Schematic
imagesofofmaterials
four representative
modes.
contact interface
that have strongwear
adhesive
bonds.

This causes small

movement along slip planes, which generate these small “flake-like” particles that adhere
to the counterface [1.7, 8]. Wedge-like wear particles form due to the crack initiation and
propagation under the tensile tangential shear in the trailing region of the plastically
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deformed contact area [1.8]. During continual sliding contact, adhesion may occur many
times between the two surfaces, which causes large wear particles consisting of material
from both counterfaces. These large wear particles can either break off, and become free
particles, once they get too large or they can stay adhered to the surface abrading the
counterface.

1.3.3: Fatigue Wear
Fatigue wear is generated after many repeated contact cycles.

This wear

mechanism presents itself in systems that have intimate surface contact over the same
area, such as in engines and orthopaedic devices. This fatigue wear can happen under
both plastic and elastic contacts and depending on what type of contact either low-cycle
fatigue wear or high-cycle fatigue wear will be present (Figure 1.4) [1.8]. This section
will review both high and low cycle fatigue wear because this will be prevalent in the
steel micropattern-flat and DLC-DLC tribosystems.
In the case of elastic contacts, high cycle fatigue fracture is the dominant wear
mechanism present. Cracks are formed due to the localized high-pressure zones that are
caused by imperfections on the material surface or a slip plane is oriented with the siding
contact shear stress, which causes localized plastic flow [1.7, 10, 11, 12]. These cracks
propagate with every cycle and break off once the crack has met the contact interface
[1.11, 12].
In the case of plastic contacts, low-cycle fatigue fracture is the dominant wear
mechanism present. In a previous section, the abrasive mechanism in the plowing mode
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7.5.1 Adhesive Wear

If the contact interface between two surfaces under plastic contact has enough adhesive bonding streng
o resist relative sliding, large plastic deformation caused by dislocation is introduced in the conta
region under compression and shearing. As a result of such large deformation in the contact region

FIGURE 7.7

creates a groove without creating any wear particles. Low-cycle fatigue fracture is
generated from the repeated loading on the same area in the plowing mode. This creates
a plastically deformed groove on the surface of the material, which after a certain number
of cycles, a crack will form and fracture will take place [1.8]. This is commonly seen in
orthopaedic devices, where two surfaces slide over the same area many times.

Figure 1.4: Schematic of a typical fatigue wear crack [1.8]. Shows a crack propagating
through the material surface due to repeated wear cycles. This image was reprinted
Schematic
images of four representative wear modes.
without permission.
1.3.4: Corrosive Wear
If a chemical or electrochemical reaction takes place on the surface of the
tribopair, which is subsequently removed via friction (Figure 1.5). The amount of wear
seen due to corrosive wear is directly related to the thickness of the film formed during
corrosion. Corrosion is the damaging a material due to chemical reactions with the
surrounding environment. In ferrous metals a major mode of corrosive wear is due to
oxygen forming an oxide layer on the surface of the material. Also in oceanic vessels
that use a low grade fuel, a sulfuric acid will be produced during combustion. This acid
will react with the ferrous cylinder walls and seals causing engine failure [1.9]. This
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ical wear of ceramics is explained.

faces under plastic
contact
has enough
adhesive
bonding
section will
review oxidative
wear, which
is predominant
is steelstrength
sliding systems as well
deformation caused
by dislocation is introduced in the contact
as DLC sliding systems.
g. As a result of such large deformation in the contact region, a

presentative

It has been shown that the oxidation is much more rapid in sliding conditions,

than in static conditions. This means that the activation energy and the temperature in the
contact zone are extremely important. Quinn et. al. [1.13] created a model for corrosive
wear that has shown to give 3 – 10 orders of magnitude below what is expected for static
oxidation [1.13]. This shows the importance of the conditions for the reacted film that is
created in an oxide environment.

The reaction rate of the forming corrosive layer

determines the wear rate for this mechanism.

Figure 1.5: Schematic of the corrosive wear mechanism [1.8]. This shows a film created
through corrosion and subsequently being worn away. This image was reprinted without
permission.
wear
modes.
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CHAPTER TWO
PATTERNING OF TRIBOSYSTEMS
The literature has shown that both uniform and non-uniform
micropatterned surfaces [2.1, 2, 3] led to an improvement in the tribological properties
during sliding contact and supports the use of micropatterned surfaces in bearing
applications. By placing uniform, small, localized depressions into smooth regions of
sliding surfaces, researchers have shown they can change the sliding COF [2.4]. Studies
attribute these improvements to the ability of these depressions to act as either lubricant
reservoirs or traps for wear particles.
To improve the tribological properties of a material, the surface roughness has to be
considered. Lowering the surface roughness, decreases the amount of asperities, which
are points of high stress, and ultimately decreases the magnitude of the abrasion wear
mechanism initially. Once wear particles are created during sliding on these smooth
surfaces, they have no where to go which will increases the abrasion wear mechanism
[2.5]. Micropatterning is one way to alleviate this collection of particles. The difference
between micropatterning and surface roughness is the asperity size ratio. Micropatterns
are able to keep low surface roughness, while still allowing places for wear particles to
collect and keeps the localized high stress points to a minimum, which will depress the
abrasion wear mechanism [2.2, 5].
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2.1: Micropattern Tribology With And Without Lubricants
Without micropatterning or inherent roughness, lubricant can be more easily
removed from the system during sliding. These micropatterns can provide multiple
reservoirs for lubricant. Lubricants can decrease the friction forces by lowering the
interaction between the two sliding surfaces and can also provide localized hydrodynamic
effects. The hydrodynamic wear regime is defined when there is no intimate surface
contact, with a layer of lubricant between the two surfaces [2.6]. Surface micropatterning
retains lubricant at the points of contact [2.5, 7, 8, 9, 10]. This also stabilizes the
fluctuation of the friction forces exhibited during testing. Micropatterns have been shown
to act as “interrupts” of surface deformation and also being able to locally supplying
sufficient lubrication within the contact area [2.8]. Such depressions can also reduce the
coefficient of friction by 90% [2.1] due to the increased area of the hydrodynamic
lubrication regime [2.11] for the phosphor bronze and cast iron tribosystem.
Micropatterns, while providing reservoirs for lubricants, can also serve as traps
for wear particles. Surface micropatterning has also been shown to improve tribological
properties because particles from wear damage can be trapped. This has the ability to
reduce the plowing wear mode [2.5, 11, 12, 13, 14, 15]. This reduction in the plowing
wear mode, allows less interaction between the sliding surfaces, which reduces friction.
COF can be influenced the density of the pattern on the surface. This feature
density could drastically change a material’s tribological properties.

It has been

previously shown that as the depression density increases, the coefficient of friction
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decreases [2.16]. In contrast, grooves have been shown to increase the coefficient of
friction by approximately 30% [2.10], perhaps due to the suppression of the
hydrodynamic lubrication regime, resulting in boundary lubrication regimes.

This

tribological improvement would be beneficial to the design of orthopedic devices, where
direct contact of two surfaces takes place. When studying the effects micropatterns have
on the tribological properties of materials, it is very important to include the feature
density [2.4], or how many micropatterns of a certain shape are in a specific area [2.5].

2.2: Micropattern Forming Processes
Micropatterns can be formed through many processes including shot-peening,
laser texturing, lithography and electrochemical etching, and stamping. Shot-peening
creates a random pattern on the surface, while laser ablation, lithography and
electrochemical etching, and stamping can create patterns of specific shapes and densities.
These different techniques have the ability to improve the tribological properties via a
few mediums, including wear particle trapping, and lubricant reservoirs [2.2, 5, 8]. The
following sections will define how these patterns are formed and recent advances in their
understanding.
2.2.1: Laser Texturing
Laser ablation, glazing, cladding, and dimpling are popular techniques for
creating a textured surface. These patterns are formed by pulsing a high-powered laser
(pico-femto sec) on the surface of the material to make a pattern of dimples of a selected
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size. This technique is able to create dimples, or depressions in the material, of different
sizes as well as pattern densities, which will have an effect on the friction and wear of the
tribosystem. Material is removed the surface materials without damaging the adjacent
material. An example of circular dimples created by laser ablation formed by Erdemir is
shown in Figure 2.1 [2.17]. This laser texturing could be used for cylinder liners in
internal combustion engines, where lubricant resupply and wear particle trapping is very
advantageous [2.8].

Figure 2.1: Example of a micropattern fabricated by laser ablation [2.17]. The sample is
steel with (a) being an optical image of the surface, and (b) being a 2D surface scan taken
with a white light interferometer. This image was reprinted without permission.

2.2.2: Etching Technique
Etching can be used to create a micropatterned surface. Electrochemical etching
of the surface was one of the first methods to create uniform micropatterned surfaces.
This method is very time consuming, so it is not used much today. Typically, the shapes
of the features are usually long valleys (undulated surfaces), that can range in size from a
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few microns to up to a few hundred microns, as seen with the work done by Tian et. al.
[2.12, 15]. In these undulations, wear particles can be trapped, which will reduce the
friction seen in the system [2.12, 15]. An example of the undulated surfaces created by
the lithography and electrochemical-etching technique can be seen in Figure 2.2. The
size, density, and orientation of these undulations will have a big effect on the
tribological properties of the material [2.5].

Figure 2.2: Undulated surface created by the lithography and electrochemical etching
technique [2.15]. This shows one of the feature size and density of the micropatterns that
can be created with the etching technique. This image was reprinted without permission.

2.2.3: Stamping Technique
Another common technique along with laser and etching patterning techniques is
the stamping technique. This technique involves creating a standard stamp that will
deform the surface of the material to create the micropattern features [2.8].
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This

technique, in metals, creates localized plastic deformation on the surface, which creates
small work hardened portions on the surface of the metal [2.8]. Figure 2.3 shows some
of the micropatterns that can be created using this stamping technique.

The work

hardened material is hypothesized to help reduce the wear seen during sliding friction
[2.8].

Figure 2.3: Micropatterns that were created using the stamping technique [2.8]. This
image shows the imperfections on the edges of the micropattern that are associated with
the stamping technique. This also shows two size scales that are possible with this
fabrication technique. This image was reprinted without permission.

2.3. Conclusion
Micropatterns have the ability to lower friction by reducing the plowing wear
mode and increasing the zone where hydrodynamic sliding may occur. This reduction of
the plowing mode is due to the reduction of wear particles on the sliding surface. These
micropatterns can be made through different processing techniques, and each has their
own advantages and disadvantages. With increased production speed, the quality of the
micropatterns decrease, which might cause a decrease in the effectiveness of the
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micropattern. The most effective micropattern forming process, shape, and pattern
density has to be chosen for each specific sliding system.
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CHAPTER THREE
TRIBOLOGY OF MICROPATTERNED 316L STAINLESS STEEL FOR USE IN
ORTHOPAEDIC DEVICES
(Previously Published in Journal of the Mechanical Behavior of Biomedical Materials,
Volume 7, 2012, p. 106-115)
3.1: Micropattern Introduction for Biosystems
The wear and sliding resistance of both metal–metal contact (hip joints and
bushings) and metal–polymer contact (hip/knee/spine joints and journal bearings) are of
critical importance to artificial joint function.

With even minor changes in joint

coefficient of friction (COF), the compressive loads developed across a human joint can
result in insufficient patient muscle forces to effectively initiate joint motion. Artificial
joint replacement procedures are major operations that are both costly and painful.
Because they require intensive post-operative therapy, it is hoped that the lifetime of the
joint will exceed the lifetime of the patient. This lifetime is directly proportional to the
wear of the bearing material. As in other applications, total joint replacement bearing
materials have the potential to be improved through the use of micropatterned surfaces.
The literature has shown that both uniform and non-uniform micropatterned surfaces [3.1,
2, 3] led to an improvement in the tribological properties during sliding contact and
supports the use of micropatterned surfaces in bearing applications. By placing uniform,
small, localized depressions into smooth regions of sliding surfaces, researchers have
shown they can change the sliding COF. Studies attribute these improvements to the
ability of these depressions to act as either lubricant reservoirs or traps for wear particles.
In addition, the studies of [3.3] also highlight the ability of non-uniform patterns to
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change the COF in orthopedic devices. Also, using shot peening to create “craters” in the
surface, [3.1] reported a decrease in the frictional coefficient during lubricated sliding
contact. The advantage of the uniform patterning is a consistent decrease in the COF’s
measured deviation when compared to untreated surfaces.
Friction and wear in biomaterials occur under challenging environmental
conditions without the ability to service or artificially lubricate the system. As such, only
a limited number of biomaterials have been determined to be suitable for long-term use in
total joint replacements. The use of surface micropatterning in total joint replacement
biomaterials adds an additional level of bearing design that can influence friction and
wear, without sacrificing the use of accepted biomaterials.
One of the greatest challenges to using micropatterning for total joint
replacements is the ability to inexpensively and uniformly pattern the surfaces. We
investigated the patterns produced from a novel parallel patterning process for use on a
model artificial joint biomaterial—316L stainless steel.

Today the most common

material for articulating surfaces in artificial joints are CoCrMo or ceramics, but we used
316L stainless steel as a trial material for this proof-of-concept study on the surface
micropatterning. We hypothesize that micropatterning will show a beneficial lowering of
the COF for this model material.
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3.2: Experimental Method
3.2.1: Equipment
The tribological experiments were performed using either a ball-on-flat or flat-onflat reciprocating set up. The linear scratch-testing unit used during testing was a CETR
UMT-2 (Center for Tribology Inc., Campbell, CA) microscratch system with a 20 N biaxial load cell (Figure 3.1). A cantilevered suspension attachment was used to maintain
uniform loading of the counterface tip. All tests were performed at room temperature at a
normal load of 15 N, a pin velocity of 10 mm/s, and a 2 cm sliding contact path length.
The mean surface pressure for each system is listed in Table 3.1 and calculated using the
available bearing peak surface areas provided by the micropatterned surfaces. For the ball
bearing, the mean pressure was determined using Hertzian contact stress.

Figure 3.1: CETR system (a) with metallic ball (b) and polymer flat pins (c) used for
testing.
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Table 3.1: Micropatterned samples provided by Hoowaki LLC.

Feature Feature
Surface type geometry measured
Flat
Depressions Round
Diameter
Round
Diameter
Round
Diameter
Oval
Short side
Long side
Pillars
Round
Diameter
Round
Diameter
Oval
Short side
Long side
Square
Side

Feature size
(μm) (Average Height or
±1 StD.)
depth (μm )
10.99 ± 3.19
50.81 ± 0.84
99.77 ± 1.26
18.70 ± 1.29
38.03 ± 3.77
50.73 ± 0.94
96.55 ± 6.71
18.50 ± 3.35
37.70 ± 2.43
17.80 ± 1.35

5.41 ± 1.66
26.13 ± 0.67
77.90 ± 2.89
58.01 ± 2.28

Ball bearing
Aspect ratio Bearing mean surface
(height:widt surface
pressure
h)
area (%) (MPa)
396
0.49
68.9
574.4
0.53
72.8
544.2
0.79
71.2
556
1.53
74.8
529.7

Polyethylene
pin mean
surface
pressure
(MPa)
1.2
1.7
1.6
1.7
1.6

18.35 ± 1.67 0.36
139.00 ± 0.95 0.49
56.54 ± 1.54 1.49

28.2
30.2
12.1

1402.4
1311
3286.4

4.2
4
9.9

66.81 ± 2.64

32.7

1212.4

3.7

1.43

3.2.2.0: Specimens
3.2.2.1: Preparation and Characterization of Steel Coupons Used as the Lower
Specimens
Eight micropatterned samples, containing either depressions or pillars (Figure 3.2),
were fabricated at Hoowaki LLC (Pendleton, SC) using a proprietary surface forming
process. These samples are listed in Table 3.1. There were two shapes of depressions:
circular and oval, and three shapes of pillars: circle, oval, and square. Non-patterned
316L stainless-steel samples were also fabricated as a control surface.
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Figure 3.2: SEM image showing the surface micropatterning of 100 μm circular holes (a)
and 100 μm circular pillars (b).

3.2.2.2: Preparation and Characterization of Pins Used as the Upper Specimens
Two different types of counterface pins were used: a 12.7 mm diameter chrome
steel ball bearing (AISI 52100), and a conical shaped, 4 mm diameter flat surface
polyethylene pin (UHMWPE GUR 1020) (Figure 3.1). Before testing, the surface
roughness average of each chrome-stainless steel ball bearing and the polyethylene pin
were measured using a non-contact white light surface interferometer (WYKO NT-2000,
Veeco, Inc. Tucson, AZ).
3.2.2.3: Lubricants
These samples were first tested under dry conditions, and then later tested using
Cannon Instrument Company N35 viscosity standard, a highly refined mineral oil. This
mineral oil was chosen as a lubricant because its rheological properties are similar to the
lubricant viscosity of degenerated human synovial fluid—specifically a kinematic
viscosity of 66cP, which is within the range of degenerated human synovial fluid shown
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by Schurz et. al. [3.5].
3.2.3: Experimental Procedures
All tests were conducted with a normal load of 15 N, pin velocity of 10 mm/s, and
a 2 cm sliding contact path length. These samples were first tested under dry conditions
with no lubrication. Next, the same specimens were then tested at a different location
using N35 mineral oil as a lubricant. The first was a single pass test (sliding contact in
one direction for 2 cm) using the parameters mentioned before. The second was a
reciprocating test, which moved the pin over the sample a total of 50 cycles. With one
cycle being two passes, one down and one back along the same motion path. Testing
parameters remained as before (15 N, 10 mm/s, 2 cm travel). A surface roughness
measurement of the ball bearing was taken after each single pass and reciprocal sliding
test to determine if there was damage to the counterface surface. The reported surface
roughness was the arithmetic average roughness. Vickers tests were performed after
reciprocal pass tests to measure damage track hardness changes.
3.2.3.1: Single Pass COF Testing
Using the testing parameters from above, the dynamic COF along the length of
the single pass was measured. The static coefficient of friction was not considered for this
measurement, with steady state requiring approximately 0.25 s to attain. A sample of
these data can be seen in Figure 3.3.
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Figure 3.3: Data processing for the single pass friction tests. The first 0.25 s are not
taken into consideration for the friction measurement. The raw data (a) is then
transformed into the processed data (b).

3.2.3.2: Reciprocal Pass Testing
Using the same parameters of the single pass testing, reciprocal sliding tests were
performed on the micropatterned samples. Using the same idea as in the single pass COF
testing, the first 0.25 s was not considered for the dynamic COF. Also, since the pin stops
and reverses direction, additional data processing was considered for each data cycle.
Every time the pin halted and changed direction, data 0.1 s before and after the pin
stopped was not considered for the dynamic COF measurement.

Once the system

reached a steady state, the cycles 30–50 were used in the calculation of the steady state
values and standard deviations.
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(a)

(b)

Figure 3.4: Data processing for the reciprocal pass testing of lubricated 100 μm
depressions. The first 0.25 s and each time the pin stopped and reversed direction was
not considered for the dynamic COF. The raw data (a) is then transformed into the
processed data (b).

3.2.4: Statistical Analysis
Statistical analyses were conducted using SAS v. 9.2. SAS Institute Inc. (2008).
Within the lubricated and dry samples, factorial analysis of variance (ANOVA) was
conducted for the initial coefficient of friction with two levels of pattern (depressed and
pillar) with common geometries and feature size (oval with feature size 25×50, round
with feature size 50, and round with feature size 100).
conducted using Fisher’s Least Significant Difference.

Follow-up analyses were
Factorial analysis was not

conducted with the samples without a pattern, a feature size of 10, or a square geometry,
as these were not common to all patterns and geometries. Replicates were not obtained
for steady state coefficient of friction, so factorial ANOVA was not conducted.
Significance was established with α=0.05.
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3.3: Results
3.3.1: Sample Geometry
Sample micropattern geometry was measured with a Veeco white light
interferometer (±0.1 nm surface height resolution) and an optical microscope with image
analysis software. The feature-defining dimensions (circle diameter, square side length
or oval diameters) were measured in addition to the feature height (pillars) or depth
(depressions). An example of the characterization of round depressions and the surface
feature dimensions is shown in Figure 3.5 and Figure 3.6. Using the height and width,
the aspect ratio of each pattern was determined. The bearing (contact) surface area is a
ratio of the area in contact with the ball on the micropatterned surface as compared to that
of a non-patterned surface, which is different for each micropattern due to different
feature size and feature density. This bearing surface area will change as the ball bearing
pin wears into the material, due to it being a non-conformal counterface. A summary of
the dimensions, aspect ratios and contact area for each pattern is summarized in Table 3.1.
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Figure 3.5: Non-contact surface topography analysis was used to determine the feature
aspect ratio (width vs. depth) (50 μm depression pattern shown). (a) shows the
topography surface plot and (b) shows a cross sectional measurement.

Figure 3.6: Non-contact surface topography analysis (surface histogram) to determine bimodal surface feature height (and thus average feature height/depth) (50 μm depression
pattern shown). Distance between peaks is depth/height measurement.
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3.3.2: Single Pass COF Tests
3.3.2.1: Ball Bearing
Non-patterned 316L samples (controls) had an initial single pass COF of
0.15 ± 0.01 and a steady state (SS) coefficient of friction of 0.16 ± 0.02 as shown in
Figure 3.7. As the diameter increased in the micropatterned circular depressions, the
coefficient of friction decreased for the dry and lubricated tests. The opposite behavior
was seen in the pillars: as the pillar size increased, the coefficient of friction decreased in
the lubricated tests. Under dry conditions, however, little difference was observed. As the
bearing area increased, the coefficient of friction decreased for both lubricated and nonlubricated conditions for the micropatterned depressions. A similar pattern was seen with
the pillars—as the bearing area increased, the coefficient of friction decreased. The
lowest observed coefficient of friction was from the 25 μm×50 μm oval depressions
under both lubricated and non-lubricated conditions. The coefficients of friction for both
the 10 and 50 μm circular depressions increased with the addition of the N35 mineral oil
lubricant, while the coefficient of friction for the 25 μm×50 μm oval depressions
decreased with the addition of lubricant. The coefficients of friction for the 50 μm
circular pillars, 25 μm square pillars, and 25 μm×50 μm oval pillars all increased with the
addition of lubricant, while the coefficient of friction for the 100 μm circular depressions
decreased with the addition of lubricant. Optical images of the micropatterned surfaces
showed abrasion after one cycle and 50 cycles, as shown in Figure 3.8. All ball bearing
surfaces showed significant scratching after reciprocating sliding against the patterned
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and non-patterned surfaces. Material adhesion on the ball bearings was also evident, and
was observed to change depending on the type of feature that was present; the pillars
showed more adhesion than the depressions.

Figure 3.7: The round depression diameter influences the initial COF, but more
importantly it shows that this initial COF is not an indicator of the SS COF for the ball
bearings. The non-patterned samples are shown as zero feature size.

Figure 3.8: Optical images of the micropatterned surface show abrasion occurring after
both one cycle and 50 cycles.(a) Damage track from single pass non-lubricated 100 μm
depressions (4×,604×805 μm field of view). (b) Damage track from reciprocating (50
cycles) lubricated 100 μm circular pillars (4×,604×805 μm field of view).
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3.3.2.2: Polyethylene Pin
When the polyethylene pin articulated against the patterned surfaces, as the
depression size increased, the coefficient of friction decreased under both lubricated and
non-lubricated conditions. For the pillars, the coefficient of friction decreased with
increasing pillar size. Similar to the ball bearing test, the surface bearing area affected the
coefficient of friction; as the surface bearing area increased, the coefficient of friction
decreased.

3.3.2.3: Statistical Analysis Results
For both dry and lubricated tests, significant interactions existed between patterns
and feature sizes within geometries (F(2, 2200) = 949.65, P < 0.0001 and F(2, 2225) =
3137.72, p < 0.0001, respectively). For the dry tests, the initial coefficient of friction for
the depressed pattern with a diameter of 50 μm significantly differed from the pillar
pattern with the same feature size (p<0.0001), although this difference was not significant
for the lubricated tests (p=0.8957). The dry depressed pattern with feature size of 50 μm
did not significantly differ from pillars with feature size of 100 μm (p=0.2709). The
average initial coefficient of friction for the pillar pattern with a feature size of
25 μm×50 μm was significantly higher than pillars with feature sizes of 50 and 100 μm,
as well as for any of the feature sizes for the depressed pattern for the dry and lubricated
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tests.
For both lubricated and dry tests, there were significant differences in the initial
coefficient

of

friction

among

no

pattern,

depressions,

and

pillars

(F(2,3255)=106.35,P<0.0001 and F(2,3236)=100.90, P<0.0001), regardless of feature
size and feature geometry.
3.3.3: Reciprocal Pass Tests
3.3.3.1: Ball Bearing
Under both non-lubricated and lubricated conditions, the steady state coefficient
of friction decreased as depression size decreased (Table 2 and Table 3).

A graph

representative of the depression data is shown in Figure 3.9. An opposite trend was seen
with the circular pillars however. Under both non-lubricated and lubricated conditions
the steady state coefficient of friction decreased as pillar size increased. Under nonlubricated and lubricated conditions, the steady state coefficient of friction for the pillars
decreased as the surface bearing area decreased for micropatterned depressions. Under
non-lubricated and lubricated conditions the steady state coefficient of pillar friction
decreased as the surface bearing area increased.
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Table 3.2: The initial COF and SS COF for all the ball bearing- micropatterned surfaces
are shown below. These tests were run without a lubricant.
Depression or
pillar
No pattern
Depressions

Pillars

Initial CoF
Feature geometry (1Pass)-no
and dimensions
lubricant
–
0.146 ± 0.010
Round (11 μm)
0.210 ± 0.030
Round (51 μm)
0.161 ± 0.021
Round (100 μm)
0.145 ± 0.011
Oval (19×38 μm)
0.133 ± 0.005
Round (51 μm)
0.153 ± 0.017
Round (97 μm)
0.160 ± 0.017
Oval (19×37 μm)
0.169 ± 0.008
Square (18 μm)
0.190 ± 0.015

SS CoF-no
lubricant
0.157 ± 0.017
0.129 ± 0.009
0.490 ± 0.053
0.543 ± 0.028
0.500 ± 0.051
0.446 ± 0.034
0.408 ± 0.049
0.140 ± 0.007
0.501 ± 0.037

Cycles to SS
0
27.1
4.5
6.9
2.8
6.2
13.7
16.9
11.3

Table 3.3: Significant changes of the COF can be seen when a lubricant is used. This
table summarizes the initial and SS COF for the ball bearing—micropatterns.
Depression or
pillar
No pattern
Depressions

Pillars

	
  

Feature geometry
and dimensions
–
Round (11 μm)
Round (51 μm)
Round (100 μm)
Oval (19×38 μm)
Round (51 μm)
Round (97 μm)
Oval (19×37 μm)
Square (18 μm)

Initial CoF
(1Pass)-no
lubricant
0.137 ± 0.007
0.369 ± 0.066
0.178 ± 0.024
0.141 ± 0.006
0.12 ± 0.005
0.178 ± 0.019
0.149 ± 0.004
0.259 ± 0.034
0.193 ± 0.009
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SS CoF-no
lubricant
0.346 ± 0.015
0.156 ± 0.007
0.351 ± 0.025
0.325 ± 0.026
0.360 ± 0.019
0.366 ± 0.033
0.332 ± 0.019
0.453 ± 0.070
0.296 ± 0.042

Cycles to SS
9.2
30.8
1.5
11.4
2.7
2
25.5
11
4

Figure 3.9: Graph comparing the coefficient of friction to the number of cycles for the
non-lubricated 10 μm depressions sample. Each cycle distance is 4 cm.

Table 3.4: The hardness of samples can alter after friction or abrasion testing. This
alteration was tracked using a Vickers Hardness test in the damage tracks. This table
shows the alteration of sample hardness as a function of the abrasion testing and
lubrication.

Samples
No pattern
Round depressions
(11 μm)
Round depressions
(51 μm)
Round depressions
(100 μm)
Oval depressions
(19×38 μm)

VH-As received
Avg ± StD
111.5 ± 8.1

VH-after
testing using
lubricated
conditions
Avg ± StD
312.0 ± 19.3

VH-after
testing using
dry conditions
Avg ± StD
139.7 ± 6.6

115.6 ± 12.5

206.8 ± 9.1

221.0 ± 8.1

109.5 ± 10.3

329.8 ± 79.6

339.8 ± 34.8

113.5 ± 4.2

260.9 ± 21.4

219.4 ± 55.7

108.8 ± 4.9

310.8 ± 10.9

335.7 ± 95.4

For surfaces with lower measured steady state coefficients of friction, the cross
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section of the damage track was narrower, and finer grooves within the damage track
were also observed. The tests with lower steady state coefficients of friction had a lower
Vickers hardness as shown in Table 3.4. For some patterns, the N35 lubricant seemed to
degrade the tribological properties on the 316L stainless steel, such as seen in
Table 2 and Table 3 with the smooth (control) sample and with the 25 μm×50 μm oval
pillars.

Dark brown areas, observed on the 25 μm×50 μm oval pillars under non-

lubricated conditions, were not observed under lubricated conditions. The surface of the
ball bearing after the reciprocal pass tests was rougher, as compared to the single pass test.
3.3.3.2: Polyethylene Tests
The coefficient of friction decreased as the depression size increased
Table 3.5 and Table 3.6 under both lubricated and non-lubricated condition, with the
pillars showing a similar trend under both lubricated and non-lubricated conditions. As
pillar size increased the coefficient of friction decreased. Figure 3.10 shows a slight
increase in the COF over time, which is the general trend seen with PE pins. While there
was no significant damage to the micropatterned surface, more severe damage was
observed on the polyethylene pin. This damage was not quantified.
Table 3.5: The initial COF and SS COF for all the polyethylene tips—micropatterned
surfaces are shown below. These tests were run without a lubricant.
Depression or
pillar
No pattern
Depressions
Pillars

	
  

Feature geometry and
dimensions
–
Round (11 μm)
Round (51 μm)
Round (51 μm)
Round (97 μm)
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Initial CoF (1Pass)-no
lubricant
0.073 ± 0.006
0.214 ± 0.019
0.132 ± 0.004
0.167 ± 0.007
0.168 ± 0.10

SS CoF-no
lubricant
0.083 ± 0.008
0.213 ± 0.022
0.110 ± 0.009
0.171 ± 0.018
0.126 ± 0.017

Table 3.6: The initial COF and SS COF for all of the polyethylene tips used on
micropatterned surfaces with lubrication are shown below. There were significant
changes to the depression patterns, but there was an increase in the friction seen in the
pillars.
Depression or
pillar
No pattern
Depressions
Pillars

Feature geometry and Initial CoF (1Pass)dimensions
lubricant used
–
0.070 ± 0.01
Round (11 μm)
0.156 ± 0.045
Round (51 μm)
0.103 ± 0.007
Round (51 μm)
0.204 ± 0.032
Round (97 μm)
0.127 ± 0.011

SS CoFlubricant used
0.08 ± 0.010
0.201 ± 0.023
0.104 ± 0.018
0.194 ± 0.032
0.1329 ± 0.017

Figure 3.10: Graph showing lubricated polyethylene tip sliding over 50 μm depressions.
The COF is shown to increase slightly over time. Each cycle distance is 4 cm.

3.3.4: Tip Assessment
The roughness increased for each of the steel pins in contact with the surfaces
during both single and reciprocal pass testing. A summary of the increases is shown in
Figure 3.11.

	
  

As expected, under dry and lubricated conditions, reciprocal sliding
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produced a greater increases in counterface surface roughness than did single pass tests.
Depressions under dry conditions produced a greater increase in counterface surface
roughness than did pillars under dry conditions during reciprocal testing. The greatest
increase in counterface surface roughness was produced from the flat surfaces with no
micropatterning during reciprocal sliding.

Figure 3.11: The roughness of all the steel ball pins initially had a roughness of
approximately 18 nm. This plot shows the roughness increase of the bearing surface after
testing.

3.4: Discussion
Reducing the coefficient of friction will increase their useful service life for most

	
  

39	
  

articulating surfaces. It is especially desirable to lengthen the lifespan of artificial joints
within patients since replacement of these materials requires a costly revision surgery.
The focus of this study was to investigate methods to reduce the coefficient of friction in
artificial joint materials with tailored surface micro-architectures.
In the single pass ball bearing tests, it was observed that an increase in microarchitecture hole size diameter resulted in a corresponding decrease in the coefficient of
friction. This inverse relationship could be hypothesized to occur because of an increase
in available lubricant reservoir volume within these holes as the hole size diameter
increases. In addition, these increased hole diameters could provide locations for wear
particulate to be removed from 3rd body articulation. The single pass polyethylene tests
also showed decreases in the coefficient of friction with increasing micro-architecture
hole size diameter, which strengthens the hypothesis that a greater volume of available
lubricant within these holes could provide enhanced lubrication mechanisms within this
tribological system.
The addition of the polyethylene pins to this study allowed the additional
examination of these metal micro-architectures on a hard–soft tribosystem similar to
artificial joint replacements. These polyethylene pin tips were flat so as to better model
the in vivo contact stresses and lubrication mechanisms of the sliding surfaces. In the
single pass tests, the pillar diameters above 50 μm did not affect the coefficients of
friction. It could be hypothesized that the greater available polyethylene surface area was
a greater influence on resulting coefficient of friction than the change in micro-
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architecture with the pillar surfaces tested in this study.
The 100 μm circular pillars had a steady-state coefficient of friction lower than
that of the 50 μm circular pillars, which could be hypothesized to be the result of the
chrome balls wearing through the pattern on the 50 μm circular pillar samples. The
damage track for the lubricated 100 μm circular pillars had a mirror-like finish, while the
mirror-like finish did not appear in either the lubricated or non-lubricated conditions for
the 50 μm circular pillar samples. This mirror-like finish, observed in similar research,
has been shown to be associated with very low COF [3.6]. The reddish brown areas
observed on the non-lubricated 25 μm×50 μm pillars and non-lubricated non-patterned
surfaces are hypothesized to be an oxide or a hydroxide layer that formed upon the pillar
surfaces. This was also seen by other groups using 316L stainless steel [3.7] under
sliding contact. Under lubricated conditions there is likely a cooling effect and with an
absence of available oxygen, lubricant shielding could be hypothesized to obviate any
oxidizing surface reactions. The oxide layer on the non-lubricated samples possibly
formed due to frictional heating and the presence of an oxygen-rich environment, such as
air. This layer could have also formed by the wearing away of the Cr oxides in stainless
steel, which would allow non-oxidized metal to react with the oxygen in the air.
The differential hardness of the metal before and after the reciprocal pass tests can
be used to correlate how much plastic deformation has occurred. The lower Vickers
hardness values after testing were characteristic of samples with lower coefficients of
friction. The mirror-like surfaces had lower hardness values and narrower damage tracks
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because less plastic deformation occurred due to the prohibited plowing mechanism. The
results of the studies with 316L stainless steel showed that the micropatterns developed
can reduce the COF. Studies with micropatterned CoCrMo and Ti6Al4V artificial joint
materials are planned for the next phase of this research.

3.5: Conclusions and Future Work
Stainless steel balls and flat polyethylene pins articulating against 316L stainless
steel plates with different micropatterns formed onto their surfaces were investigated in
this study. The frictional behavior was found to strongly depend upon the size and shape
of the micropatterned surfaces. Four different relationships between the articulating
materials and the geometries of the surface micropatterns were observed during testing:
(1) Single-pass metal ball articulation over circular surface micropatterned geometries
yielded lower coefficients of friction with larger depression sizes and larger pillar sizes.
(2) A single-pass polyethylene pin articulation over circular geometries yielded lower
coefficients of friction with larger depression sizes. (3) Reciprocating pass testing of ball
bearings over circular geometries yielded lower coefficients of friction with smaller
depression sizes and larger pillar sizes. (4) Reciprocating pass testing of polyethylene
pins over circular geometries yielded lower coefficients of friction with larger depression
sizes and larger pillar sizes. In all cases the plowing and adhesive damage mechanisms
are the most dominant types of surface damage, when analyzing the damage tracks and
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the counterface pins. These positive results provide the basis to continue this work with
other artificial joint articulating materials.
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CHAPTER FOUR
DIAMOND-LIKE-CARBON COATINGS AND THEIR APPLICATION AS
WEAR AND FRICTION REDUCTION SOLUTIONS
Diamond-like-carbon (DLC) coatings consist of randomly oriented C-C sp2, C-C
sp3, C-C sp1, and C-H bonds [4.1, 2, 3]. DLC is a type of amorphous carbon coating or
film that is used for friction and wear reduction. These films are commonly used in hard
disk drives [4.4], internal combustion engines [4.5], tooling bits [4.6], razor blades [4.5]
and orthopaedic devices [4.5, 7] to reduce the friction and wear. These applications are
sliding under very different conditions, such as sliding velocity, load, and environmental
conditions. These sliding velocities can range from the range of a few mm/s for razor
blades and even 10 m/s for 7200 RPM 3.5” hard disk drives and loads can range from
<1N for hard disk drives to 3.4 – 3.9 times the body weight for hip and knee implants
[4.8]. Films and coatings of this material are used in sliding applications due to their high
hardness, low friction coefficients, and high wear resistance. The following sections will
give an overview of what DLC coatings and films are, their fabrication, characterization,
and overview recent DLC tribological studies. Also the current state of the environmental
testing (humidity and temperature) effects on each hydrogenated and non-hydrogenated
type of DLC coating will be covered.
4.1: Introduction to Diamond-Like-Carbon Coatings and Films
There are two main types of DLC coatings, which are hydrogenated (a-C:H, taC:H) and non-hydrogenated (a-C, ta-C) DLC coatings. Non-hydrogenated DLC coatings
typically have <1% hydrogen content, and only contains hydrogen as an impurity. These
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two main types can be further split into two different categories based on the coating’s
sp3 content. The tetrahedral amorphous carbon coatings (ta-C, ta-C:H) generally have a
higher sp3 content, while the amorphous carbon coatings (a-C, a-C:H) generally have a
lower sp3 content.
DLC coatings get their diamond character from the sp3 bonds, which are the most
like the natural diamond structure [4.9]. The higher the amount of sp3 bonds the harder
the coating is [4.2]. Hydrogen, however, acts as a network breaker creating dangling C-H
bonds. Hydrogen breaks up the tetrahedral and planar sp3 and sp2 bonds, which makes
the DLC coating softer [4.2, 10].
The sp3, sp2, and hydrogen content can form a tertiary phase diagram showing the
different types of DLC coatings that can be made [4.11], which can be seen in Figure 4.1.
The current fabrication methods only allow for some compositions to be formed, which
are shown as the shaded regions in Figure 4.1. As processing improves the areas will
begin to overlap each other.

The current deposition techniques are outlined in the

following section.

	
  

46	
  

Figure 4.1: Tertiary diagram of DLC coatings showing the different types of coatings
that can be made. The different areas on the tertiary diagram are different deposition
techniques [4.11]. This image was reprinted without permission.

4.2: Diamond-Like-Carbon Deposition Techniques
To create hydrogenated and non-hydrogenated DLC coatings, different deposition
processes are used. The most widely used technique for hydrogenated DLC coatings is
plasma enhanced chemical vapor deposition (PECVD) (section 4.2.1). On the other hand,
in order to create non-hydrogenated DLC coatings hydrogen must be absent from all
parts of the process, so a physical vapor deposition (PVD) process must be utilized
(section 4.2.2). Filters and ion beams can be added to both systems to create a more pure
coating or increase the incident energy, thus changing the films properties (Figure 4.2).
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In addition, as the processing parameters are changed in the deposition systems, the film
structure alters.

(a)

(b)	
  

Figure 4.2: (a) Shows the ion energy of the carbon atom colliding with the substrate.
The structure is highly dependent to the energy of the colliding carbon atom [4.12]. (b)
Shows the residual stress associated with different deposition techniques as compared
with the incident energy [4.13].

4.2.1: PECVD Deposition Technique
CVD deposition uses a volatile gas such as methane or ethane to act as sources of
carbon and hydrogen. As the volatile gas is heated it is bombarded with the plasma
(argon) inside the chamber. This breaks down the gas and causes a film to be created on
the surface of the substrate inside the chamber. Figure 4.3 shows a general schematic of
how the PECVD process is performed. Pressure inside chamber, amount of reactive gas
inside the chamber, the temperature of the chamber, the temperature of the substrate, and
the amount of argon flowed into the chamber to create the plasma can result in film
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structure changes. Changes in these parameters change the incident energy when the
DLC coating is created, which will affect the amount of sp3 bonded atoms.
Early on, CVD processes required high temperatures (600 – 1000 °C), which
limited the materials the DLC coatings could be applied to.

Improved process

technologies (such as PECVD) have decreased this temperature down to around 200 °C.
This decrease in process temperatures means that more materials, especially plastics,
have the ability to be coated with DLC coatings.

Figure 4.3: Schematic of the PECVD process. This process is one of the most popular
processes for making hydrogenated DLC coatings.

4.2.2: PVD Deposition Technique
In PVD deposition of DLC coatings, a high purity graphite target is used as the
source material. This is drastically different than a reactive gas that is used in the
PECVD process. Sputtering, the most common type of PVD, consists of charged ions
colliding with a target. In the case of DLC coatings is the pure graphite target, ejects

	
  

49	
  

carbon atoms. The charged ions are generated by flowing an inert gas (argon) into the
chamber and applying a voltage bias. A voltage bias of roughly 1 KeV is usually needed
to provide enough energy for sputtering to occur with a pure graphite target [4.7]. The
atoms from the target then collide with the substrate and a coating is formed. The
collision energy (incident energy) determines the general structure of the DLC film. Just
like with PECVD the process parameters affect the incident energy of the ejected atom.
For PVD, the important parameters that affect incident energy are the process pressure,
bias voltage, and chamber pressure.

Processing temperatures for DLC coatings are

roughly around 200 °C, which is similar to the processing temperatures for todays
PECVD process. Figure 4.4 shows a schematic of how a PVD system generally works.

Figure 4.4: Schematic of the PVD process. The charged argon plasma particle collides
with the target, ejecting a particle which then gets deposited onto the substrate.

4.3: Diamond-Like-Carbon Characterization Techniques
Since small changes in the processing parameters can change the structure of the
DLC, it is very important to characterize each DLC coating.

There are many

characterization techniques for DLC coatings, which include x-ray reflectivity (XRR)
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[4.14], surface acoustic waves (SAW) [4.2], raman spectroscopy [4.2], x-ray
photoelectron spectroscopy (XPS) [4.14, 15] and nanoindentation [4.16, 17]. The most
common of these techniques are raman spectroscopy and nanoindentation. For this study
the most common characterization techniques will be reviewed in the following sections.

4.3.1: Raman Spectroscopy
Raman spectroscopy is a characterization technique that is used to measure the
materials vibrational and rotational responses to specific excitation wavelengths [4.18].
Raman spectroscopy is widely used to characterize the structure of DLC coatings, since it
is a quick measurement that does not degrade the coating quality [4.2]. Most of the
features that are seen in DLC coatings are seen between 800-2000 cm-1 with an outlying
feature at 2920 cm-1 [4.2, 4, 11, 19, 20, 21, 22]. The most predominant peaks, the G and
D peaks, correspond to the different vibration modes of sp2 bonded C. The G peak is the
stretching of C-C sp2 bonds in rings and chains, while the D peak is only due to the
stretching of the C-C sp2 bonds in rings [4.2, 4, 11, 19, 20, 21, 22]. The G peak is the
most dominant peak due to the stretching of C-C sp2 atoms in both rings and chains. The
G and D peaks are seen at 1560 cm-1 and 1360 cm-1 for visible laser excitation [4.2, 4, 11,
19, 20, 21, 22]. The peak that is associated with the C-C sp3 bonded atoms is the T peak,
which is located at 1060 cm-1 [4.2]. This peak can only be seen under UV laser excitation.
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The C-Hx bonds can be seen under UV laser excitation, if the DLC film has hydrogen
within the coating. This can be seen at a Raman shift of 2920 cm-1[4.19]. The peaks
move depending on the laser excitation wavelength, which can be seen in Figure 4.5.
The general trend with peak movement for the different wavelengths is the G and D
peaks will move to a lower Raman shift with higher wavelengths [4.2].

Figure 4.5: This shows the general trends for the G, D, and T peaks for different types of
DLC coatings. The G and D peaks move to lower Raman shifts as the laser wavelengths
increase [4.2]. This image was reprinted without permission.
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Since the G peak is the most dominant peak, it is vital to fully characterize this
peak. The G peak full width half max (FWHM) show how much disorder there is in the
C-C sp2 bonded atoms. If there were no defects in the chains of the C-C sp2 atoms then
the FWHM of the G peak would be small. The G peak broadens because of defects
within the π-bonds of the C-C sp2 chains [4.2, 11, 20]. These defects in the π-bonds
create chains of different sizes, which contribute to the broadening of the G peak.
Another Raman parameter that is used to characterize DLC coatings is the ratio of the
intensities of the D and G peaks, I(D)/I(G). The ratio of the D and G peaks calculates the
amount of C-C sp2 atoms organized in rings [4.11]. If the ratio is small then mostly sp2
chains are present, but even if there are rings present they are not delocalized on the rings
[4.11]. The T peak, which is only present under UV excitation, is the effect of the
resonance of the σ-bonds and is directly related to the C-C sp3 bonded atoms.
A three-stage model has been created to associate the Raman spectroscopy
measurements into something that will give the overall bonding characteristics [4.23].
This three stage model does have a hysteresis associated with it, so the overall bonding
characteristics calculated from this model are only relative measurements and should not
be taken as definite and only be used as to get an idea of what the overall bonding
characteristics are. The three-stage model plots the position of the G peak or the ratio of
the D and G peaks with the percentage of C-C sp3 bonded atoms. Figure 4.6 shows how
the three stage model works and the hysteresis involved with it.
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Figure 4.6: The three-stage model comparing the position of the G peak or the ratio of
the D and G peaks and the percentage of sp3 in the DLC coating. The top two graphs
show peaks from visible excitation, while the bottom graph shows for visible and UV
excitation [4.2]. This image was reprinted without permission.
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4.3.2: Nanoindentation
Nanoindentation is a popular choice for showing the modulus and hardness of
DLC coatings [4.16, 17, 24]. This technique involves the loading and unloading of an
indenter tip, of a known geometry and load. The initial unloading of the indenter tip
provides a purely elastic material response [4.25]. The Oliver and Pharr method can be
used to calculate the reduced modulus and the hardness of DLC coatings [4.25]. The
modulus can be calculated using the following equation:

1 (1− ν 2 ) (1− ν i2 )
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(4.1)

where Er is the reduced modulus, ν and νi is the Poisson’s ratio of the substrate and
indenter, and E and Ei is the elastic modulus of the substrate and the indenter. The
reduced modulus can be calculated using the following equation:
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where S is the slope of the initial part of the unloading curve and A is the contact area
between the indenter and the substrate. The hardness is calculated using the following
simple equation:
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(4.3)

where H is the hardness, Pmax is the maximum pressure applied to the substrate, and A is
the contact area between the tip and the substrate.
Table 4.1: Typical DLC coating properties from literature [4.16, 17, 26, 27].
Material Modulus (GPa)
Diamond
1140
a-C
2 - 350
ta-C
550
a-C:H
75

Hardness (GPa)
100
<40
<80
6 - 20

Reference
[4.16]
[4.27]
[4.16, 26]
[4.17]

4.4: Diamond-Like-Carbon Tribology
Many groups have worked on understanding DLC sliding (DLC-DLC).
Published reports on DLC-DLC coating tribology has shown that many system factors
surface roughness, sp3 content, thickness, and external environmental factors
(temperature and humidity) control its friction and wear.

For example, different

environmental conditions affect the two main types of coatings, hydrogenated and nonhydrogenated, very differently [4.28, 29, 30]. The following sections will overview the
basics of DLC tribology and environmental effects for the hydrogenated and nonhydrogenated DLC coatings.
4.4.1: Overview of Diamond-Like-Carbon Tribology
As covered in Chapter 1 the three main contributions to friction are the forces
from abrasion, shearing, and adhesion [4.28]. The shearing of third-body particles is
suppressed for DLC coatings because of the high hardness of the coating and thus the
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third-body particles created during wear [4.28]. The tribofilms that are created during
sliding friction for DLC contacts is highly dependent on the surrounding environment,
such as humidity and temperature, as well as if the coating is hydrogenated or not [4.29,
30]. Both the hydrogenated and non-hydrogenated DLC coatings have the potential to
graphitize during sliding wear. This graphitization can be seen via Raman spectroscopy,
and has to be shown to see if this wear mechanism has been the cause of the friction
evolution and the cause of the wear to the coating.
4.4.2: Humidity Effects
Humidity is the amount of water vapor that is present in the surrounding
environment. Relative humidity is the measurement of the percentage water vapor in the
surrounding environment compared to the maximum possible amount of water vapor.
The water vapor that is in the surrounding environment is highly reactive to all types
DLC coating.
4.4.2.1: Humidity Effects of Hydrogenated Diamond-Like-Carbon Coatings
Hydrogenated DLC coatings have been shown to have low friction under inert
and vacuum conditions, but the friction increases when water vapor is introduced into the
environment (Figure 4.7). This low friction in dry, inert, or vacuum environments is
attributed to the hydrogen-terminating dangling bonds on the surface of the DLC coating.
The open bonds are terminated with weak van der Waals forces acting between the two
surfaces [4.31]. When water vapor is introduced into the environment, this termination
mechanism is disrupted by the water molecules on the surface of the DLC coating.
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Figure 4.8 shows the interaction and termination of the open bonds on the surface of the
hydrogenated DLC coating.

Figure 4.7: Graph shows the general trends of non-hydrogentated and hydrogenated
DLC coatings in dry and humid environments. The friction decreases as the humidity
increases for non-hydrogenated coatings, while the opposite trend is present for
hydrogenated coatings.

Figure 4.8: Model showing the interaction and termination of the open bonds on the
surface of the hydrogenated DLC coating [4.31]. This image was reprinted without
permission.
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Hydrogenated DLC coatings have been shown to be affected by the presence of
water vapor and oxygen because they like to oxidize the surface of the DLC coating
[4.30]. The cut off value for low friction seen in hydrogenated DLC coatings is roughly
about 2 %RH [4.30]. Below this value, hydrogenated coatings have low friction (COF =
0.001 – 0.01), and above this value higher friction (COF = 0.1 – 0.2) is observed. The
friction increase when water vapor is introduced into the environment is from the
adsorbed layer of water molecules covering the film surface. This would increase the
“dipole-like” interaction of the DLC coating interface.

This increase in friction is

reversible if the water partial pressure is reduced and the water molecules on the surface
of the DLC coating desorb [4.30].

It has also been shown for hydrogenated DLC

coatings that with an increase in water vapor there is an increase in the wear rate [4.32].
During sliding, oxidizing C-O bonds like to form on the surface of the DLC coating, then
react with the water vapor in the surrounding atmosphere to form a polymer-like form of
hydrocarbons. This is another reason that hydrogenated DLC coatings are such highly
affected by water vapor in the surrounding environment. This oxidation reaction with
water happens because during wear, radicals are formed due to the breaking of C-C and
C-H bonds, which then react with the oxygen and water molecules in the surrounding
environment and form hydroperoxide groups (-COOH). These radicals can also react
with the water molecules and oxygen independently to create peroxide radicals and then
react with the surrounding environment again. This will keep happening until one of the
species is removed from the environment or until the coating wears out. These radicals
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increase the adhesive mechanism for the oxidized carbon atoms about 4 fold, which is
why the friction increases when this chemical reaction occurs [4.33].
4.4.2.2:

Humidity

Effects

of

Non-hydrogenated

Diamond-Like-Carbon

Coatings
As said before, non-hydrogenated DLC coatings can be split into two categories,
the higher sp3 content ta-C and the lower sp3 content a-C. The frictional behavior and
trends varies between the two groups because of the two different structures that make up
each coating. The ta-C has a higher sp3 content which makes those films have a higher
hardness, similar to that of diamond than the predominantly sp2 bonded a-C films. The
two different coatings have been shown to have similar friction forces in humid
environments against different counterfaces, but the wear rates for the ta-C coatings is
lower due to the higher hardness of the coating.
In ambient conditions (≈50 RH) similar trends have been shown to those in humid
environments. The friction seen with the ta-C and the a-C have similar forces, while the
a-C will have the higher wear rate. It has been shown in literature that, in ambient
conditions, the ta-C coatings dominant wear mechanism is a tribofilm that is created and
transferred onto the counterface [4.34, 35]. The amount of humidity present in the
atmosphere has been shown to affect the ta-C coatings the most, with a trend of
increasing the humidity decreases the friction forces seen. Water vapor is necessary for
this transfer film to be created. This film has been shown via Raman spectroscopy that a
graphitization has occurred. This is likely due to the higher roughness usually seen in ta-
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C coatings, than which is seen in the a-C, because of the higher localized contact pressure
and higher temperatures due to frictional heating. The low friction performance of ta-C
and a-C coatings in ambient and humid environments is the water vapor gets adsorbed
into the surface of the non-hydrogenated DLC coatings. This adsorbed water terminates
the open bonds at the surface of the coatings that are usually terminated by the hydrogen
in the hydrogenated DLC coatings. It has also be shown to cut down the bonding energy,
such as similarly seen before in the hydrogenated coatings [4.33].
Non-hydrogenated DLC coatings have the opposite trend of hydrogenated
coatings when subjected to a inert/dry environment. Non-hydrogenated DLC coatings
have much higher friction and wear rate during sliding wear under dry/inert environments
[4.36]. It has been shown that surface graphitization is the cause for the high friction
forces seen in vacuum and in dry air. This tribofilm created during sliding wear must
have adsorbents, water vapor, in the surrounding environment in order to create a low
friction condition [4.37]. As stated in the previous section, the water molecules that
adsorb onto the surface of the DLC coatings is reversible, so when a DLC coating is
present in a dry/vacuum environment, the adsorbents will desorb and high friction and
wear will be present.
4.4.3: Temperature Effects
The temperature effects on friction and wear rate for sliding wear are different for
both the hydrogenated and non-hydrogenated DLC coatings [4.30]. As stated in previous
sections the adsorbents are extremely important to the tribological performance for each
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type of DLC coatings. Temperature does play a part in how the adsorbents react with the
surface of the DLC coating [4.30]. Water molecules like to adsorb onto the surface of
DLC coatings, and as stated before, this process is reversible. For temperatures above
100 °C, the water molecules desorb from the surface of the DLC coating, hence the
reason for the different effects temperature has on hydrogenated and non-hydrogenated
coatings.
4.4.3.1: Temperature Effects on Hydrogenated Diamond-Like-Carbon Coatings
The temperature that DLC coatings can withstand is directly proportional to the
amount of sp3 bonded carbons in the structure. Low amounts of sp3 bonded carbon
coatings will decrease the temperature the coating can withstand, while the higher the
amount of sp3 bonded carbon coating will be able to withstand higher temperatures. The
existence of hydrogen in the coating actually stabilizes the sp3 bonds within the coating,
and increases the proportion of sp3 bonds to sp2 bonds. At higher temperatures, hydrogen
has been seen to desorb from the surface of the carbon coating [4.30]. This has been
shown to cause higher friction forces and wear rates [4.38]. This effect has been shown
by many studies, but has shown that different coatings allow desorption at different
temperatures ranging from 147 – 700 °C depending on the structure of the DLC coating
[4.30, 38].

Overall, the general trend when looking at elevated temperatures with

hydrogenated DLC coatings is that they have a higher wear rate with increasing
temperature. This is caused by the breakdown of sp3 bonded atoms into sp2 bonded
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atoms and the resulting reaction with the surrounding environment, whether it by
dry/inert or humid.
4.4.3.2: Temperature Effects on Non-hydrogenated Diamond-Like-Carbon
Coatings
Non-hydrogenated DLC coatings have a different response to high temperatures
than that of hydrogenated DLC coatings. This is because the non-hydrogenated coatings
resist oxidation to higher temperatures than hydrogenated coatings do. As stated in the
previous section, the thermal stability is directly related to the sp3 content within the DLC
coating. The higher the sp3 content the higher the temperatures the DLC coatings can
withstand. Good thermal stability has been shown with ta-C DLC up to temperatures of
300 – 727 °C without having any effect on the structure of the coating [4.39, 40, 41]. As
with the hydrogenated coatings the degradation of sp3 bonded atoms to sp2 bonded atoms
and the surface oxidation are the main reasons a higher wear rate is observed with
elevated temperature testing of non-hydrogenated DLC coatings [4.30]. The increased
friction at elevated temperatures is due to the desorption of water molecules in the
coating, which up to a certain temperature is the opposite of what is seen with
hydrogenated coatings [4.30]. The friction and wear evolution for high temperature tests,
whether it be for hydrogenated or non-hydrogenated DLC coatings, is a very complex
system that depends on the structure of the DLC coating and the surrounding
environment.
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CHAPTER FIVE
PIN-ON-DISK TRIBOMETER REDESIGN TO ALLOW FOR ELEVATED
TEMPERATURE AND HUMIDITY TESTING
The CU pin-on-disk system was initially built in 1996 at Clemson University Dr.
Rack’s group to study dry sliding wear of steel systems [5.1]. It consisted of a steel table
with a spinning counterface disk (30 – 2000 rpm) and an adjustable cantilever arm to
control the normal force (10 – 30 N), shown in Figure 5.1. The system that had to be
designed needed to be able to reliably measure the friction forces of films and coatings in
a controlled environment (humidity and temperature). Many alterations were needed to
both produce low noise (<0.001 N) in the measurements and also be able to operate the
system with the load, velocity and pins desired for the DLCs, and also be able to control
the temperature and humidity levels the sample will be exposed to. After analyzing the
system, four major revisions included redesigning pin clamp, incorporation of a new load
cell, designing a data acquisition and control system, and creating a sample mounting
system. These changes are outlined in the following sections.

Figure 5.1: The pin-on-disk system with the load cell on the adjacent tribotable. The
load cell is resting on a secondary platform to isolate it from vibrations of the pin-on-disk
system.
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5.1. Pin Clamp
The pin clamp holds the counterface ball. The design requirements for the new
clamp were that the fixture had to have low mass, allow for a range of normal forces
(ranging from 2.66 to 10 N), and transfer frictional force to load cell.

Reports in

literature showed wear tests of DLC 1 μm thick films applying loads ranging from 1 to 28
N [5.2, 3, 4, 5]. This allows our system to be able to compare results to what is in
literature. Figure 5.2 shows the final design, drill chuck attached to a 16” aluminum
cantilever arm. This cantilever arm was designed to pivot and allow the friction force to
be transferred to the load cell. This design allowed for control of the wear track diameter
(2 mm – 10 cm) and resulting velocity (3 mm/s – 10 m/s).

Figure 5.2: The new pin holder with a ½” 52100 steel pin and the 6061 aluminum
mounting block.
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5.2. Reducing Load Cell Noise
Load cell noise is the variation of the load cell signal when there is no applied
load. Part of this noise, seen in Figure 5.4, was from the motor vibrations turning the
counterface disk attached to the tribotable. To alleviate this noise, a new load cell was
purchased (Interface 10 lb MB Miniature Beam Load Cell) and the load cell was moved
to an adjacent tribotable. Another advantage to moving the load cell to an adjacent
tribotable is to shield the load cell from the heat from the high temperature system.
Pretests were run to show the noise in the system while monitoring the friction
forces. The noise within the pin-on-disk (CUPOD) system was limited when monitoring
the Al-52100 Steel tribosystem. However, the noise seen during sliding contact between
the Si (100) wafer (Wafer World, N-type, phosphorus doped 10-20 ohm-m) and the
Seagate DLC coated pin (3/8” 440 steel) was lower, but still too high to determine the
COF. The tests were performed with a normal load of 1.78 N, a sliding velocity of 0.02
m/s, and at room temperature. The CUPOD system showed more noise than the results
from the CETR (Figure 5.3). The source of the noise in the lateral load was due to two
main sources- the amplifier settings and vibrations from the platen drive system.
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Figure 5.3: Graph showing results of CUPOD system and CETR system. The tests were
conducted at room temperature, a sliding velocity of 0.02 m/s, and a normal load of 1.78
N.
Initially, the lateral force standard deviation when the pin was out of contact in
the CUPOD system was 0.00241 N with the motor off and 0.00432 N with the motor on.
To determine the source of the noise, the pin was lifted out of contact with the platen.
While out of contact, the lateral force was monitored (Figure 5.4). The electronic noise
seen in the force was caused by the building power fluctuation and the incorporation of
an input filter was added. In addition, the amplifier sensitivity was adjusted. The load
cell’s sensitivity was increased from 3.06 to 0.28 mV/V. These adjustments improved
the load cell standard deviation to 0.00132 N (running)/ 0.00169 N (motor off). (Figures
5.5 and 5.6)
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Figure 5.4: Graph of load cell signal when input filter is off and drive system is off.
Noise is high, there is signal creep, and spikes of noise are seen in the load cell.

Figure 5.5: Graph showing the signal from the load cell when input filter is on and drive
system is off. Noise seen is lower, there is no creep, and no spikes are seen from the load
cell.
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Figure 5.6: Graph showing signal from the load cell when input filter is on, new
sensitivity settings are active. The noise seen when the drive system is on is also in this
graph.

To further reduce the noise in the system from the load cell, a 50 Hz low pass
filter was applied to the signal from the amplifier.

This filters out the high order

vibrations from the motor and vibrations from the intimate contacts during tribology
experiments, which has decreased the noise in the system to <0.0001 N.

5.2.1. Drivetrain Contribution to Noise
Part of the noise seen in the CUPOD system came from the vibrations from the
drivetrain. The large increase in noise when the motor was running indicated that a
second source of noise was either the drivetrain or from the motor (Figure 5.6). The
vibrations were created from the gearbox (transfer-case) and the driveshaft-motor
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connection. The vibrations from the gearbox were cyclical and little reduction was seen
from the addition of a silicone lubricant into the gearbox (Figure 5.7).
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Figure 5.7: Graph showing the cyclical noise and vibrations seen in the load cell from
the transfer-case.

A belt-drive from a linear reciprocating wear bench was retrofitted (Figures 5.8
and 5.9) to the CUPOD system. New platens were machined out of 6061 aluminum to fit
the belt-driven system. The vertical out-of-plane motion for the new platen was <2 μm,
which allows for very accurate friction measurements and limits the noise seen in the
system due to out-of-plane motion.
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Figure 5.8: The vibrations sensed by the load cell came from the transfer-case through
the cantilever arm and the platen. This picture does not show the platen, but the
driveshaft where the platen would sit.

Figure 5.9: Disassembled belt-drive system that will replace the transfer-case and be
retrofitted to the current tribo-table.

The only vibrations that are present now in the tribotable are from the DC motor,
which is being reduced by installing rubber dampeners between the motor and the mount
to the table. Figure 5.10 shows the drastic improvements the Clemson POD system has
had with the new belt-driven system, while Figure 5.11 shows the noise that was seen in
the previous drive system. Figures 5.10 and 5.11 show data from when the pin was not in
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contact with the disk, with the motor on and spinning. The DC motor was rewired with
shielded cables to reduce the effect of electromagnetic interference seen in the load cell,
caused by the DC motor. Figure 5.12 shows the new belt driven system with the motor in
the new mounting position. This less noisy system will allow for the CUPOD system to
accurately measure the frictional forces seen during sliding contact of DLC-DLC
coatings.
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Figure 5.10: Drastically reduced noise seen in the system, from minimizing the
vibrations seen from the drive system.
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Figure 5.11: Noise seen in the system with the old gear driven drive system, which
caused many vibrations seen in the system.

Figure 5.12: New belt-driven system that was implemented into the Clemson POD
system, which drastically reduced the vibrations seen in the tribotable.
5.3. Temperature Control
The CUPOD system needs to be able to reach a temperature of 250 °C in order to
be able to show the effects high temperatures have on DLC coatings.

The high

temperature system is controlled by a tubular heating element floating above the
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counterface disk. Proper placement of the heating element into the pin-on-disk system is
of key importance. The heating element was isolated from the load cells to reduce the
temperature effect seen in load cells. The heating element (Omega TRI-1645/120V
tubular heater) was attached to a frame around the counterface disk and float close to the
sample to better control the heat applied to the system. The heater is controlled with a
PID heater controller (JLD612 Lightobject). A case surrounding the testing area was
built to insulate the load cell from the heated sample out of 6061 Al with ceramic
insulation (Figure 5.13). The temperature range for this setup has a range from room
temperature to 300 °C, which is well within the needs of the experimental setup for DLC
coatings.

Figure 5.13: Final setup of heating element to control testing temperatures up to 300 °C.
The width of the oven surrounding the heating element is 6”.
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5.4. Data Acquisition System
The last major change to the CUPOD system was the incorporation of a data
acquisition system. This monitors platen revolutions and lateral friction forces on the pin,
and calculates the coefficient of friction. The data acquisition system includes both a NI
data acquisition board (NI-6009) and NI LabView 2010 were chosen as the programming
base to create a user-interface that displays the coefficient of friction and disk velocity.
This setup allows a high sample rate (48 Ks/s), so an accurate plot of the friction
evolution over time can be obtained.
5.5. Design of Humidity Chamber
Humidity control for the CUPOD system is controlled with saturated salt
solutions using the standards used by Greenspan [5.6] and ASTM E104 standard [5.7].
Figure 5.14 shows our ability to create constant humidity environments using saturated
salt solutions. The chamber was created with Plexiglas, was sealed with caulk and sealed
to the table with weather rubber weather stripping. The humidity was monitored with an
Omega temperature and humidity data logger, which was placed in the test chamber with
the salt solution. The test length for each salt solution was at least 1400 minutes. The
salts chosen were NaCl and LiCl, while deionized water was used to reach high humidity
values. The saturated salt solutions created for this test were 100 mL, with the amount of
salt added coming from solubility charts for each salt. All the standard deviations are
well within the limits of standard humidity monitoring of ±2 %RH. Time to equilibrium
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was very high, about 500 – 1000 min so a fan was installed to circulate air within the
chamber. This cut down the time to equilibrium drastically to 15 – 20 min.
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Figure 5.14: Graph showing humidity curves of salt solutions and time to equilibrium.

Figure 5.15: Humidity chamber that surrounds the sample platen, without suspension
system. The humidity is controlled with saturated salt solutions and will provide a range
of 11 %RH – 95 %RH. The width of the humidity chamber is 16”.
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5.6. Summary of CUPOD System
The CUPOD system is set-up to test a wide variety of velocities, loading
conditions, and surrounding environmental conditions. The wear track diameter can
change from 2 mm – 10 cm and the rotating velocity can change from 30 – 2000 RPM.
This results in a 3 mm/s – 10 m/s velocity range based on the diameter of the wear track.
This system can consistently operate under loading conditions as low as 2.66 N and as
high as 10 N. The temperature and humidity can also be controlled with the CUPOD
system. The temperature range for the system is from 23 – 300 °C with very low
variations in temperature (±1 °C) during testing. Humidity levels for this system can
vary depending on the saturated salt solution used; this can either increase or decrease the
humidity level within the system. Once an equilibrium humidity level has been reached
with the saturated salt solution, the variation in the humidity is low (±2 %RH). The load
cell used to monitor the friction forces was carefully set-up and calibrated to offer high
resolution (0.0001 N) within a range of 0 – 10 N range. This set-up will provide many
different loading, temperature, and humidity levels to test a wide range of environmental
effect for the DLC-DLC tribosystem.
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CHAPTER SIX
TRIBOLOGY OF DIAMOND-LIKE-CARBON COATINGS IN AGGRESSIVE
ENVIRONMENTS

6.1: Diamond-Like-Carbon Sliding and Consideration of Environment (Temperature
and Humidity).
DLC-DLC sliding has been studied by many groups [6.1, 2, 3, 4, 5, 6] whose
studies have indicated that the friction and wear of these systems might be controlled by
the environment. Different environmental conditions, such as temperature and humidity,
might affect hydrogenated and non-hydrogenated DLC coatings.

The following

paragraphs summarize how the environmental conditions affect the friction and wear
typically seen with DLC coatings.
Wear rates of tribosystems with DLC have been shown to be influenced by the sp3
to sp2 ratio in the coating. The tetrahedral amorphous-carbon (ta-C), which has a higher
sp3 content, has a higher hardness, which can be more similar to that of diamond (≈ 98
GPa) than the predominantly sp2 bonded amorphous-carbon (a-C) films. Fern et. al
showed the two different coatings have been shown to have similar friction forces in
humid environments against different counterfaces, but the wear rates for the ta-C
coatings is lower due to the higher hardness of the coating when sliding against Si3N4
[6.7].
In ambient conditions, where the relative humidity is near 50 %RH, similar trends
have been shown to those in humid environments. When the same contact pressure is
applied to ta-C and a-C, the friction forces are similar, but the a-C will have the higher
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wear rate [6.7]. In ambient conditions, the wear mechanism that dominates in the ta-C
coatings is a tribofilm that is created and transferred onto the counterface [6.8, 9]. The
amount of humidity present in the atmosphere has been shown to affect the nonhydrogenated coatings, where a trend of increasing the humidity will decrease the friction
forces seen [6.10]. Water vapor is necessary for this transfer film to be created. This
tribofilm is created due to water vapor that is adsorbed into the surface of the nonhydrogenated DLC coatings. This adsorbed water terminates the open bonds at the
surface of the coatings that are usually terminated by the hydrogen in the hydrogenated
DLC coatings. This cuts down the bonding energy, such as similarly seen before in
hydrogenated coatings [6.11].
When the surrounding humidity is taken away, different friction and wear
mechanisms arise. The lubricating tribofilm depends on the surrounding humidity so
during sliding in inert or dry conditions, this film is not created and high friction and
wear is seen [6.3]. It has been shown that surface graphitization is the cause for the high
friction forces (COF ≈ 0.8) seen in vacuum and in dry air. This tribofilm created during
sliding wear must have adsorbents and water vapor in the surrounding environment in
order to create a low friction condition (COF ≈ 0.1) [6.12]. The water molecules that
adsorb onto the surface of the DLC coatings is reversible, so when a DLC coating is
present in a dry/vacuum environment, the adsorbents will desorb and high friction and
wear will be present.
Non-hydrogenated coatings can resist oxidation at higher temperatures than
hydrogenated coatings. As stated in the previous chapter, thermal stability is directly
related to the sp3 content within the DLC coating. The higher the sp3 content, the higher
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the temperatures the DLC coatings can withstand. Good thermal stability has been
shown with ta-C DLC at temperatures up to 300 – 727 °C without having any effect on
the structure of the coating [6.13, 14, 15]. As with the hydrogenated coatings, the
degradation of sp3 bonded atoms to sp2 bonded atoms and the surface oxidation are the
main reasons a higher wear rate is observed with elevated temperature testing of nonhydrogenated DLC coatings [6.16]. The increased friction at elevated temperatures is
due to the desorption of water molecules in the coating, which up to the critical
temperature where the DLC coating breaks down, is the opposite of what is seen with
hydrogenated coatings [6.16]. The friction and wear evolution for high temperature tests,
whether it be for hydrogenated or non-hydrogenated DLC coatings, is a very complex
system that depends on the structure of the DLC coating and the surrounding
environment.
Although previous studies have shown the influence of the sp3 content,
temperature, humidity, and contact pressure, no study has investigated the interaction of
these factors. This project is aimed to show the interaction of temperature and humidity,
temperature and load, the correlation between the metallic interlayer thickness and
temperature and load, and the correlation that DLC structure has on the sensitivity to
environmental conditions.
6.2: Experimental Setup
6.2.1: Experimental Conditions
A rotatable central composite statistical design was implemented for the
temperature-humidity and temperature-load correlations for both the ta-C and the a-C
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samples. In a rotatable central composite statistical design, a center point was chosen and
repeated six times. This provides the variation between samples for the rest of the testing
conditions.

These statistical designs have the ability to show the changes contact

pressure and temperature, temperature and humidity will have on the friction and wear of
DLC coatings. A linear regression model will be fit to the data after it is all collected to
show the correlation between contact pressure and temperature, and temperature and
humidity. A test matrix was made with equal deviations from the center point, with an
alpha term, which will cause the statistical design to be rotatable. The temperature values
were chosen based on the temperatures at which the DLC coatings would break down (23
to 250 °C), also for the temperature range the humidity values could be reliably measured
(23 to 100 °C). The humidity values were chosen based on the equilibrium humidity
values the saturated salt solutions could reach with the Clemson POD system (10 –
95 %RH). The loads were chosen based off of previous studies (2.66 to 10 N). Figure
6.1 and Figure 6.2 shows a graphical representation of the rotatable central composite
design for the temperature-humidity and temperature-load correlations, where the points
are testing parameters (Table 6.1 and 6.2). There will be a total of 18 tests needed for
each rotatable central composite design matrix.
In summary, a total of 72 tests were run. 36 of these tests were of ta-C coatings,
with 18 used to verify temperature-humidity relationships (Figure 6.1) and 18 tests used
to characterize the temperature-load interactions (Figure 6.2).

An identical set of

experiments was then run for the a-C coatings. The ta-C coatings, a-C coatings and also
the counterface pins were characterized after deposition including structural evaluation
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and roughness. Each sample was then also characterized after sliding for wear and
structure alterations. The characterization is full described in the following sections.

Figure 6.1: Rotatable central composite statistical design for the temperature-humidity
statistical design. Each data point represents test conditions to be used for a nonresearcher biased study and were selected using SAS.

Table 6.1: Parameters of the temperature-humidity statistical design.
Statistic
α
1
0
-1
-α

	
  

Temperature [C] Humidity [RH]
100.0
95.0
88.7
82.6
61.5
52.0
34.3
22.4
23.0
10.0
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Figure 6.2: Rotatable central composite statistical design for the temperature-load
statistical design. Each data point represents test conditions to be used for a nonresearcher biased study and were selected using SAS.

Table 6.2: Parameters of the temperature-load statistical design.
Statistic
α
1
0
-1
-α

Temperature [C]
250.0
216.8
136.5
56.2
23.0

Load [N]
10.00
8.93
6.33
3.73
2.66

6.2.2: Wear Testing
The tribological experiments were performed with a pin-on-disk tribometer
previously described in Chapter 5. All tests were performed with a wear track of 4.0 mm
diameter and run at a constant speed of 60 rpm, resulting in a constant rotational velocity
of 2.5 cm/sec. The tests were conducted for 30 minutes, which resulted in a total sliding
distance of 45 m. The rotational velocity and friction forces were monitored using NI
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LabView 2010, while the humidity and temperature are monitored using a humidity data
logger and a type T thermocouple. The humidity is controlled (10 to 95 %RH) using
saturated salt solutions, located adjacent to the wear platform, and the temperature is
controlled (23 to 300 °C) using a PID temperature controller. The thermocouple for the
temperature controller was floating above the DLC sample surface, to monitor the
temperature of the DLC coating. Once each equilibrium condition had been reached, it
was held for five minutes before testing was started. Once testing had started, the
velocity and frictional forces was monitored using NI LabView.

6.2.3: Specimens
Two different types of non-hydrogenated DLC coatings (Richter Precision, East
Petersburg, PA) were used for this experiment, a coating with a higher content sp3 (ta-C)
and a coating with a lower content sp3 (a-C). The first coating is their proprietary ta-C
(Titankote C10), while the second coating is their proprietary lower sp3 content a-C
(Titankote C14).

Both types of coatings were deposited onto 8” Al2O3-TiC wafers

(Seagate Inc.). The counterface pins consisted of 3/8” 440C steel pins coated the high or
low sp3 content DLC coatings from Richter Precision.
Nanoindentation (Triboscope , Hysitron Inc. Minneapolis MN) was performed
with a Triboscope Nanoindentation Transducer on the two different types of DLC
coatings to obtain the hardness and modulus both types of DLC coatings. Ten indents
were taken with a Berkovich tip, at a force of 9500 μN for each DLC type and average
and standard deviations were taken from then indents. All samples were characterized
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for surface roughness before testing using a WYKO non-contact white light surface
interferometer with a field of view of 0.216 x 0.164 mm, and a vertical resolution of 3 nm
(WYKO NT-2000, Veeco, Inc. Tucson, AZ).
To look at the effects of a metallic interlayer, two different thicknesses of Ti
(20nm and 200 nm) were deposited on to the Al2O3-TiC wafers, which were then coated
in the different type of DLC coating from Richter Precision. The Ti metallic interlayer
was deposited onto the Al2O3-TiC wafers using the sputter deposition unit at Clemson
University (CMS-18, Kurt J. Lesker, Raleigh NC). A custom wafer holder platen was
designed to hold the 8” Al2O3-TiC wafers, due to their large size and the current
sputtering system at Clemson is only able to accommodate 3” diameter round wafers
(Appendix C). The platen was made out of polished 1/8” thick 6061 aluminum and was
machined at the School of Materials Science machine shop on the Clemson University
campus. Using this new sputter platen, two different thicknesses (25 nm and 200 nm) of
titanium films were deposited onto 8” Al2O3-TiC wafers. The deposition parameters for
these two films were a base pressure of 1.4e-6 torr and an argon processing pressure of
1.2e-2 torr, the sputtering power used was 100 W.

The deposition rate for these

parameters is 1 nm/min, which results in sputtering times of 25 min for the 25 nm film
and 200 min for the 200 nm film.
6.2.4: Characterization of Samples After Testing
To measure the wear volume, a Dektak 3 was used to attain a profile of the wear
track. To calculate the wear rate a linear best fit was fitted to four profiles at 0°, 90°,
180°, and 270° from an arbitrary starting point of the DLC wear track (Figure 6.3). The
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integral between the fitted curve and the worn area calculated the worn area. To calculate
the wear volume this area was extrapolated over the entire wear track. The Dektak 3 has
a tip radius of 12.5 μm, a 2.5 μm lateral scan resolution, and a 0.5 nm vertical resolution,
which is sufficient to accurately measure the features of the wear track which typically
have a >200 μm width. Raman spectroscopy was also performed after testing to show
how the DLC structure changed during sliding, and to show if the environment alone
changed the DLC structure. Optical microscopy is used to measure the width of the wear
track and to identify which wear mechanisms are present.
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Figure 6.3: Shows the linear best fit and the process of calculating the worn area of a taC coating.

6.3: Results and Discussion
6.3.1: sp2 to sp3 Ratio of As Deposited Coatings
Raman spectroscopy was taken for the ta-C type DLC deposited onto both the
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Al2O3-TiC and 440C counterface ball bearing, with a 532 nm wavelength laser. There
were the characteristic peaks for the ta-C type DLC with a G-peak around 1580 cm-1.
The peak for the ta-C deposited onto the Al2O3-TiC substrate was broader than the peak
for the ta-C deposited onto the 440C counterface ball. The less intense D-peak was more
pronounced in the 440C counterface ball bearing than it was with the Al2O3-TiC substrate.
The Raman spectra of these DLC films was peak fitted with the Peak Fit program, and
are shown in Figure 6.4. There was a peak around 2920 - 2980 cm-1, suggesting that
there was hydrogen within the structure of the DLC coating [6.17].

(a)

(b)

Figure 6.4: Raman spectra (532 nm wavelength) of (a) the ta-C DLC coating deposited
onto Al2O3-TiC substrate and (b) onto 3/8” 440C ball bearings. Peak fitting was used to
identify position of the characteristic G and D peaks.

6.3.2: Properties of As Deposited Coatings
The hardness and modulus for both types of DLC were calculated using an
average of ten indents (Table 6.3). The indents were taken using load control, with a
9500 μm maximum load and a 1900 μm/s loading rate. Indents were not taken for the
440C counterface ball bearings, due to size limitations with the indenter. Hardness
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values of low sp3 and high sp3 values followed predicted trends as shown in Table 3.
These were close to the values in previous reports [6.18].
The higher hardness of the ta-C films indicates that there is a higher sp3 content
for the ta-C, as was expected. All samples, Al2O3-TiC wafers and 440C pins, were
characterized for surface roughness before testing with a non-contact white light surface
interferometer using an average of ten scans for each sample (Table 6.3).
Table 6.3: Table showing the hardness, modulus, and surface roughness of the as
received DLC coatings deposited onto Al2O3-TiC substrates.
Substrate
Al 2 O3 &TiC

DLC,Type
a&C

Hardness,(GPa) Modulus,(Gpa) Roughness,(nm)
25.7.±.0.9
239.1.±.5.4
7.7.±.0.3

440C.(3/8".bearing)
Al 2 O3 &TiC

a&C
ta&C

&&&&&
43.1.±.5.1

&&&&&
392.5.±.35.2

79.0.±.11.0
24.2.±.1.1

440C.(3/8".bearing)

ta&C

&&&&&

&&&&&

68.5.±.16.7

6.3.3: Temperature-Humidity Dependence
6.3.3.1: Tetrahedral Amorphous-Carbon Sliding
The steady state coefficients of friction are shown in Table 6.4. This table shows
that the lowest coefficients of friction are seen at and below 62 °C, as well as when the
relative humidity is 52 %RH and below. Low friction forces were also seen at 88 °C and
82 % RH. For all other combinations of temperature and humidity the friction forces
were much higher at values of 0.1 to 0.35. These values are still relatively low compared
to other wear resistant coatings. This temperature-humidity matrix shows that there are
multiple friction and wear mechanisms competing and each one is only dominant under
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certain environmental conditions. Sample data that shows the typical friction evolution
can be seen in Figure 6.5.
Table 6.4: Table showing the steady state coefficients of friction for the temperaturehumidity statistical design for the ta-C type DLC coating. If steady state was not reached
a range of the friction seen was given.
Humidity [%RH]
Temperature [C]
23
34

10

22

52
0.047 ± 0.009

0.085 ± 0.041 0.050 ± 0.003

62 0.082 ± 0.008 0.081 ± 0.021
0.185 ± 0.062
88
100

≈0.05
≈0.1-0.3
≈0.2-0.35

82

100

≈0.1
0.169 ± 0.047 0.215 ± 0.051
0.064 ± 0.011

Figure 6.5: The friction evolution at constant humidity of 52 %RH. The plots show that
there is a transition that changes the friction and wear mechanism between the
temperatures of 62 and 88 °C.
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Table 6.5: The wear rates for the temperature-humidity statistical design for the ta-C type
DLC coating. The units for this table are in mm3/Nm x 10-6.
ta-C Wear Rate
Temperature [C]
23
34
62
88
100

10

7.84

Humidity [%RH]
22
52
82
4.91
10.47
8.07
16.53
10.42
6.07
12.75
10.62
6.89
10.05
9.60

95

8.20

The integral between the linear best fit and the worn away profile measured with
the Dektak 3 was taken as the worn area (Figure 6.2). This area was averaged for four
different areas of the wear track and extrapolated over the entire wear track. The lowest
wear rates were seen for the 52 %RH values. The wear rates increase as the temperature
increases for humidity values 52 %RH and below. For the 82 %RH value, the trend
reverses and the lower wear rates are seen for the higher temperature values. There does
seem to be a correlation with the steady-state coefficient of friction and the wear rate; the
lower friction values have the lowest wear rate values. Similar to the wear for the DLC
coating, the wear on the counterface ball bearings have a direct correlation to the friction
forces. The higher the friction forces, the more wear seen on the counterface ball bearing.
Figure 6.6 and 6.7 shows the wear of a counterface ball bearing at low and high friction
levels.
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Figure 6.6: Worn area of a counterface ball bearing under low friction (23 °C and
52 %RH) for the temperature-humidity matrix. Arrow shows worn area.

Figure 6.7: Worn area of a counterface ball bearing under high friction (34 °C and
82 %RH) for the temperature-humidity matrix. The DLC coating wore through during
testing. Arrow shows worn area.

6.3.3.2: Amorphous-Carbon Sliding
Similar frictional patterns were seen for the a-C type DLC, as compared to the ta-C type
DLC,for the temperature-humidity dependence.

The friction forces were low for

temperatures and humidity levels 62 °C and 52 %RH and below. This again shows that
there are multiple friction and wear mechanisms present, depending on the environmental
conditions. The friction values were high above the previously stated values, on the order
of 0.13 – 0.28.

	
  

The highest friction forces seen for the a-C type DLC were not as high
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as the ta-C samples. The deviation in the frictional forces is lower in the a-C samples.
This could be due to the lower surface roughness associated with the a-C type DLC
coatings. As stated before, the high friction values for this tribosystem, are relatively low
as compared to other wear resistant coatings.

The wear particles seen for the

temperature-humidity tests showed a humidity dependence on the size of the wear
particles. The higher humidity showed larger, more needle-like wear particles (Figure
6.8), while the wear particles for the lower humidity tests showed smaller, finer wear
particles (Figure 6.9). The wear on the counterface ball bearings was similar for all tests.
The size of the worn area of the counterface ball bearing did correlate with the friction
forces seen for the temperature-humidity matrix. The higher the friction force the larger
the size of the worn area on the counterface ball bearing. Figure 6.10 shows and example
of the wear patterns seen on the counterface ball bearing.

Table 6.6: Table showing the steady state coefficients of friction for the temperaturehumidity statistical design for the a-C type DLC coating.
Humidity [%RH]
Temperature [C]

10

22

52

23

82

95

0.068 ± 0.010

34
0.046 ± 0.006 0.048 ± 0.011 0.041 ± 0.005
62 0.051 ± 0.006 0.067 ± 0.012 0.068 ± 0.012 0.215 ± 0.011 0.132 ± 0.011

	
  

88

0.137 ± 0.015 0.211 ± 0.022 0.274 ± 0.007

100

0.223 ± 0.012

95	
  

Figure 6.8: The larger a-C wear particles seen when testing at high humidity values.
This image is under the environmental conditions of 88 °C and 82 %RH. Arrow shows
width of wear track and wear debris of interest.

Figure 6.9: The smaller a-C wear particles seen when testing at low humidity values.
This image is under the environmental conditions of 88 °C and 22 %RH. Arrow shows
width of wear track.
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Figure 6.10: Representative wear on the counterface ball bearing for the a-C type DLC
with the temperature-humidity matrix (62 °C and 10 %RH). Arrow shows worn area.

There seems to be a specific humidity value where the wear mechanism changes
for each temperature. As the temperature increases, the maximum humidity for a low
steady-state coefficient of friction decreases.

6.3.4: Temperature-Load Dependence
6.3.4.1: Tetrahedral Amorphous-Carbon Sliding
There is a strong temperature-load dependence for the ta-C type DLC coating.
Low coefficients of friction were seen for temperatures 56 °C and below, as well as 6.33
N and below. This could be due to the formation of a lubricating tribofilm that reduces
the friction seen between the two counterfaces, as mentioned in the introduction. High
coefficients of friction were seen for the 136 °C tests. There was no visual physical
change for the ta-C coating for this temperature. There was a transition in the friction
forces at 216 °C and above to low friction values from the 136 °C tests. There was a
physical change in the ta-C DLC coating, since the coatings were darker and had a glossy
look to them. There could have been a breakdown of the trigonal sp3 structure to the
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planar sp2 structure [6.16]. There was a very minor, localized amount of oxidation inside
the wear tracks for the 216 °C and 250 °C samples. The lower coefficient of friction for
the 216°C and above samples could have come from the graphitization of the coating,
which would cause a decrease in the friction forces [6.3, 12].
Table 6.7: Table showing the steady state coefficients of friction for the temperature-load
statistical design for the ta-C type DLC coating.
Load [N]
Temperature [C]

2.66

23
56

3.73

6.33
0.031 ± 0.003

8.592

10

0.053 ± 0.006 0.044 ± 0.001 0.146 ± 0.024

136 0.216 ± 0.039 0.225 ± 0.022 0.115 ± 0.039 0.191 ± 0.030 0.213 ± 0.029
216
0.080 ± 0.026 0.063 ± 0.019 0.095 ± 0.018
0.057 ± 0.003
250

Table 6.8: The wear rates for the temperature-load statistical design for the ta-C type
DLC coating. The units for this table are in mm3/Nm x 10-6.
ta-C Wear Rate
Temperature [C]
23
56
136
216
250

2.66

3.73

13.69

11.12
10.01
16.27

Load [N]
6.33
4.49
4.51
9.66
6.93
13.46

8.592

10

5.32
5.71
5.91

5.77

The wear rates have a strong dependence on the temperature and load. There
seems to be a trend that, as the load increases, the wear rate decreases and as the
temperature increases, the wear rate increases. There is no correlation between the
friction values and the wear rates for this temperature-load statistical design when stickslip condition was present. If this stick-slip condition was not present, then there is a
strong correlation between the coefficient of friction and the wear rate. The lower the
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friction observed, the lower the wear rate. Once higher temperatures and loads arose, the
wear patterns on the counterface ball bearings changed.

If the wear rate of the

counterface balls was higher than the coating on the Al2O3-TiC substrate, then the DLC
on the counterface ball bearing wore through. If the wear rate of the coating was higher
than the DLC on the counterface ball bearing, then the DLC on the counterface did not
wear through, and increased the size of the contact area. Figures 6.11 and 6.12 show
samples of the phenomena. The wear rate on the counterface ball bearings was higher for
tests performed under lower loads (6.33 N and below) and lower temperatures (56 °C and
below). Once the temperature is 136 °C and the load is above 3.73 N, the wear rate
changes and the DLC on the Al2O3-TiC substrate wears at a higher rate.

Figure 6.11: Counterface ball bearing under the conditions 56 °C and 6.33 N, where the
wear rate on the ball is higher. Arrow shows worn area.
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Figure 6.12: Counterface ball bearing under the conditions 250 °C and 6.33 N, where the
wear rate on the coating on the Al2O3-TiC substrate is higher. Arrow shows worn area.

6.3.4.2: Amorphous-Carbon Sliding
As with the ta-C type DLC, the a-C type DLC showed a similar pattern for the
temperature-load statistical design.

The Low coefficients of friction were seen for

temperatures 56 °C and below. Unlike with the ta-C, the coefficient of friction was low
for loads up to 8.592 N for 56 °C tests. There was an increase in friction for the 136 °C
tests, which is the same pattern as the ta-C coating. There was a physical transition for
the samples that were exposed to 216 °C and above, the coatings were darker, and had a
glossy look to them right after testing. Overnight, the 216 °C samples oxidized. This
was apparent, due to the brown film that covered the sample. The sample that was
exposed to 250 °C did not oxidize on the same order as the 216 °C samples, there was
only localized oxidation, such as what was seen with the ta-C samples. The coefficient of
friction did not reduce on the same magnitude as the ta-C samples did for tests 216 °C
and above.

	
  

100	
  

Table 6.9: Table showing the steady state coefficients of friction for the temperature-load
statistical design for the a-C type DLC coating.
Load [N]
Temperature [C]
23
56

2.66

3.73

6.33

8.59

10.00

0.044 ± 0.008
0.072 ± 0.018 0.046 ± 0.012 0.052 ± 0.008

136 0.197 ± 0.022 0.193 ± 0.010 0.145 ± 0.008 0.174 ± 0.009 0.081 ± 0.012
216
250

0.122 ± 0.006 0.108 ± 0.006 0.115 ± 0.005
0.098 ± 0.004

Wear for the a-C type DLC and temperature-load design matrix could not be
calculated due to low wear and oxidation on higher temperature tests. The profilometer
used could not detect the depth of the wear track, so no calculation of wear volume loss
could be done. Unlike the ta-C tests at 136 °C, there was a transfer of material, so the
DLC coating was not worn away on the substrate, but was only worn away on the
counterface ball bearing. What could have caused this increased friction and adhesion of
material for the 136 °C tests is the desorption of water from the surface of the DLC
coating, causing the lubricating tribofilm to disappear. The friction decreased for the 216
and 250 °C tests, this could be due to the breakdown of the DLC coating, causing more
sp3 bonding to breakdown into sp2 bonding [6.16]. There was no visible or measurable
wear for all tests that were conducted below 56 °C. The only wear was visible on the
counterface ball bearing. This could be due to the existence of a lubricating tribofilm that
is present when there is water vapor in the surrounding environment [6.16]. The wear
patterns that was seen on the counterface balls was consistent with the wear patterns seen
with the other a-C matrix. The lower the friction, the lower the wear seen on the
counterface ball bearings. There was also a correlation with the temperature, the higher
the temperature, the higher the worn area of the counterface ball bearing. Figures 6.13
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and 6.14 show representative wear patterns for low temperatures and high temperature
tests. The critical temperature where the worn area dramatically increased was 136 °C.
This again is most likely from the desorption of water molecules from the surface of the
DLC coating, which increases the adhesion forces between the two surfaces, causing
higher friction and wear.

Figure 6.13: Counterface ball bearing under the conditions 23 °C and 6.33 N, where the
wear rate is low. Arrow shows worn area.

Figure 6.14: Counterface ball bearing under the conditions 216 °C and 6.33 N, where
the wear rate is high. Arrow shows worn area.
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6.3.5: Substrate Compliance Dependence
The films that were deposited with a Ti metallic interlayer failed, so no friction
and wear testing were performed.

The filmed was buckled upon returning from

deposition. The failure mode was concluded to be due to excessive compressive residual
stress causing the Ti interlayer to debond from the surface of the substrate.

This

conclusion came from the excessive amounts of buckling seen on the surface of the
coating. Both the DLC coatings were surprisingly resilient, showing no cracking and
only buckling. This could be due to the high hardness to modulus ratio causing the DLC
coatings to have a relatively high strain tolerance [6.10, 19]. The buckling comes from
the high compressive residual stress that is associated with DLC coatings. Figure 6.15
shows the buckling that was seen on the surface of the ta-C wafer.

Figure 6.15: Buckling of the ta-C coating with the metallic interlayer. This specific type
of bucking is called “telephone cord” buckling.
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6.4: Conclusion
For both types of DLC coatings, the ta-C and a-C, there is a strong dependence on
the surrounding environment on their friction and wear behavior. There seems to be a
slightly higher humidity dependence on the ta-C on the friction values. Alternatively, the
a-C is more sensitive to the temperature, which is due to the breakdown of sp3 bonding
into sp2 bonding and oxidation of the surface. The ta-C coatings showed little to no
oxidation at temperatures 216 °C and above, while the a-C coatings show a highly
oxidized surface at temperatures above 216°C. This shows that the ta-C coatings that
were deposited are more stable to a higher temperature than the a-C coatings that were
deposited. For both the ta-C and the a-C DLC coatings, the load did not have a high
effect on the coefficient of friction, but it did have an effect on the wear rate. The higher
loads offered lower wear rate, which shows these DLC films are very resilient when
under increasing loads. The metallic interlayer DLC coatings failed due to buckling,
which shows that the compressive residual stress of the DLC coating was high enough to
debond the Ti from the substrate. Overall, the low coefficients of friction could have
been caused by a lubricating tribofilm that is created when water vapor is present in the
surrounding environment. When the environmental conditions affect this tribofilm, the
friction forces for this tribosystem increase due to higher interactions between the two
surfaces.
This study opens the door for more work, showing how the structure of the DLC
is highly affected by the surrounding environment. More work needs to be done to
characterize the films inside and outside of the wear track after testing. This will show if
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the structure changes during testing, as well as if the environmental conditions alone
change the DLC structure as well.
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CHAPTER SEVEN
CONCLUSIONS AND FUTURE WORK
DLC-DLC and micropattern-flat sliding was characterized by accessing friction
and wear during this project. Both systems were selected for studying their correlation
between the friction and wear of engineered surfaces and their surrounding environment.
The results of both studies were analyzed with statistical methods.

The following

sections summarize the key contributions of each study and remaining research paths that
should be followed.
7.1. Micropattern Study
Four different relationships between the articulating materials and the geometries
of the surface micropatterns were observed during testing: (1) Single-pass metal ball
articulation over circular surface micropatterned geometries yielded lower coefficients of
friction with larger depression sizes and larger pillar sizes.

(2) A single-pass

polyethylene pin articulation over circular geometries yielded lower coefficients of
friction with larger depression sizes. (3) Reciprocating pass testing of ball bearings over
circular geometries yielded lower coefficients of friction with smaller depression sizes
and larger pillar sizes. (4) Reciprocating pass testing of polyethylene pins over circular
geometries yielded lower coefficients of friction with larger depression sizes and larger
pillar sizes. In all cases the plowing and adhesive damage mechanisms are the most
dominant types of surface damage, when analyzing the damage tracks and the
counterface pins. These positive results provide the basis to continue this work with
other artificial joint articulating materials. The next steps are to quantify the effect of
micropattern density with the lowest friction values seen with this study.
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7.2. DLC-DLC Study
Another way to decrease wear and friction is to deposit a wear resistant coating.
Diamond-like carbon coatings are highly used for their unique characteristics, high
hardness and low friction. This study showed that for both types of DLC coatings tested,
the ta-C and a-C, have a strong dependence on the surrounding environment on their
friction and wear behavior, and also seem to point to structural changes within the DLC
coating. (1) There seems to be a larger humidity dependence on the ta-C on the friction
values. While the a-C is more sensitive to the temperature, due to the breakdown of sp3
bonding into sp2 bonding, as well as oxidation of the surface. (2) The ta-C coatings
showed little to no oxidation at temperatures 216 °C and above, while the a-C coatings
show a highly oxidized surface at temperatures above 216°C. This shows that the ta-C
coatings that were deposited are more stable to a higher temperature than the a-C coatings
that were deposited. (3) For both the ta-C and the a-C DLC coatings, the load did not
have a high effect on the coefficient of friction, but it did have an effect on the wear rate.
The higher loads offered lower wear rate, which shows these DLC films are very resilient
when under increasing loads.

The metallic interlayer DLC coatings failed due to

buckling, which shows that the compressive residual stress of the DLC coating was high
enough to debond the Ti from the substrate. Overall, the low coefficients of friction
could have been caused by a lubricating tribofilm that is created when water vapor is
present in the surrounding environment. When the environmental conditions affect this
tribofilm, the friction forces for this tribosystem increase due to higher interactions
between the two surfaces.
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This study is the first to statistically show the combined environmental effects for
temperature, humidity, and load and opens the door for more work, showing how the
structure of the DLC is highly affected by the surrounding environment. The statistical
analysis, once completed, for this project will show the influences of temperature,
humidity, and load. It will also show the weight each of each environmental condition
and which of these conditions has the highest effect on the friction and wear of DLC
coatings. More work needs to be done to characterize the films inside and outside of the
wear track after testing using Raman spectroscopy. This will show if the structure
changes during testing, as well as if the environmental conditions changed the DLC
structure as well. Next more in depth work must be done at the higher temperatures and
humidity values for the ta-C temperature humidity statistical design due to the low
friction shown at these values. Would like to locate the transition temperatures and
humidity values where the friction changes to a low friction condition.
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APPENDIX A
PIN-ON-DISK SYSTEM OPERATION
A.1. Step by step instructions for using the CU pin-on-disk system.
1. Preparing samples
a. Must use scribe and wafer breaker – need to scribe and fracture samples
that are at least 1.5 x 1.5 cm in order to ensure that the wear track will be
entirely on the sample. Make sure to not touch the surface of the wafers
with your finger and break the wafer having the breaker touching the least
amount of the surface as possible. Much pressure is needed for an Al2O3TiC wafer to scribe deep enough for a clean fracture. Do not do multiple
scribes over same area!
b. Apply a thin layer of gasket sealant using a cotton swab to the aluminum
mounting block. Make sure there are no clumps that would make the
wafer not sit flush with the surface of the mounting block.
c. Carefully place and press the sample to the surface of the mounting block
and press down with cotton swabs on the very edge of the sample surface
to mount to wafer (Figure A.1).

Figure A.1: DLC sample mounted to the aluminum mounting disk.
d. Allow 24 hrs for the gasket sealant to cure before conducting testing.
2. Setting up the POD system for testing
a. Attach two aluminum mounting blocks to the POD platen, with two
screws. Be sure to not over-tighten screws as this will cause the platen
have out-of-plane motion.
b. Attach pin to holder. The pin does not have to be tightened down much. If
you over-tighten the pin holder will break and will need to be replaced.
c. If humidity tests are to be performed (if not got to step e) the humidity
chamber needs to surround the platen. To use the humidity chamber the
suspension system has to be used for the pin not to be in contact while the
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system is coming to equilibrium. Place temperature/humidity logger
inside the humidity chamber, make sure to change the LCD screen to
monitor humidity before placing inside the humidity chamber.
d. If the heating element needs to be used (if not got to step e) the oven needs
to be used. The pin cannot be in contact while the system is coming to
equilibrium, so a metal bar is used to suspend the pin above the surface.
Place top of oven surrounding the pin holder and make sure thermocouple
is located just above the sample surface. Plug in the temperature
controller to turn it on, choose desired temperature, and wait for system to
come to equilibrium. Move on to step e.
e. Slowly place pin on top of surface, making sure to not drop the pin onto
the surface. The pin holder should be very close to the load cell beam.
3. Running POD Test
a. Open LabView program. Use “Pin on Disk System USB.vi” to monitor
the rotation speed of platen, load cell, and COF.
b. Type in the normal force in the “Normal Force” box. This is to calculate
the COF.
c. Once the system comes to environmental equilibrium and pin is placed on
the sample surface, start the program using start arrow on top left of screen.
d. Start the motor using the motor controller. (Make sure the motor is set to
the speed required for testing before starting test)
e. To stop the test, stop the motor using the motor controller and stop the
LabView program using the stop button on the VI.
f. To export the data, right click on the desired data and export the data into
an Excel file. Want to export the COF data and the disk velocity data.
Make sure to write down environmental conditions, normal force and
elapsed time for the specific test.
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APPENDIX B
NON-HYDROGENATED DLC SUPPLIERS
B.1. Richter Precision: 1021 Commercial Ave, East Petersburg PA 17520
B.1.1. ta-C coating
The ta-C type coating from Richter Precision is the Titankote C10. It is deposited
via PVD deposition, which is processed at 204 °C and has a maximum working
temperature of 400 °C. Thicknesses are usually 1.5 – 2.0 μm thick. It is required to have
a conductive substrate to obtain a quality Titankote C10 coating. The theoretical sp3
content for these coatings is 80-85 %sp3.
B.1.2. a-C coating
The a-C type coating from Richter Precision is the Titankote C14. It is deposited
via a PVD deposition, which is processed at 180 °C, and has a maximum working
temperature of 350 °C. Thicknesses are usually 1.5 – 2.0 μm thick. The theoretical sp3
content for these coatings is up to 75 %sp3.
The specific deposition technique for the Titankote C14 coating is high power
impulse magnetron sputtering. This process sends pulses of high energy (>1000 Wcm-2),
which breaks down some sp3 bonding sites into sp2 bonding sites. This process also
reduces the compressive residual stress seen in the deposited coating. This reduction in
the compressive residual stress improves the adhesion to the substrate and suppresses
delamination. This process also creates smoother films than DLC created with other
deposition processes.
B.2. Ionbond
B.2.1. Tetrabond ta-C coating
The ta-C type coating from Ionbond is the Tetrabond coating. This coating can
not be deposited onto Si wafers. Needs a conductive substrate in order to form. The
deposition of these coatings uses an enhanced arc technology that produces a film with
80-90 % sp3 bonded carbons. Typical film thickness is 0.4 – 1.5 μm for this coating
deposition.
B.2.2. ADLC a-C coating
The a-C type coating from Ionbond is the ADLC coating. This coating can be
deposited onto Si wafers, but Ionbond does not have the capability to machine a wafer
holder. Can machine our own wafer holder, using materials Ionbond suggests. Have to
call Headquarters to get the list of correct materials to build wafer holders. This coating
process uses a physical vapor deposition process to create a film with 5-20 % sp3 bonded
carbons. Typical film thickness is 1 – 5 μm, but can be deposited thinner upon request.
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APPENDIX	
  C	
  
SPUTTER	
  PLATEN	
  MODIFICATION	
  
	
  
The current sputtering system at Clemson is only able to accommodate 3” diameter round wafers.
The samples we are using for this project are 8” in diameter so a custom sputter platen was made for the
Clemson sputtering unit.

The platen was made out of polished 1/8” thick 6061 aluminum and was

machined at the School of Materials Science machine shop on the Clemson University campus. The design
can be seen in Figure C.1 (b), which has tabs cut our of the design which allows binder clips to attach the
8” wafer to the platen. Figure C.1 (a) shows the current 3” diameter sputter platen. The modified sputter
platen is suspended below the manufacturers platen using 6-32 screws.

(a)

(b)

Figure C.1: (a) The current sputter platen with the 3” wafer mounts and 4 6-32 through holes machined to
allow the modified sputter platen to attach. (b) The modified sputter platen that can accommodate the 8”
Al2O3-TiC wafers. This will connect to the current sputter platen.
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APPENDIX	
  D	
  
BULGE	
  TEST	
  SAMPLE	
  PREPARATION	
  
Bulge	
  Test	
  Sample	
  Preparation	
  Step-‐by-‐Step	
  Process:	
  
1)
2)
3)

4)

5)
6)

7)

8)
9)
10)

Cut	
  square	
  sample	
  with	
  dimensions	
  of	
  1.5cm	
  x	
  1.5cm	
  
	
  
Place	
  and	
  press	
  cut	
  sample	
  onto	
  silicone	
  strip	
  (make	
  sure	
  all	
  of	
  the	
  air	
  is	
  
out	
  from	
  in	
  between	
  the	
  silicone	
  and	
  the	
  sample).	
  
	
  
Put	
  one	
  drop	
  of	
  superglue	
  onto	
  surface	
  of	
  the	
  clamp	
  and	
  spread	
  the	
  glue	
  
all	
  around	
  the	
  surface	
  of	
  the	
  clamp	
  (try	
  and	
  judge	
  the	
  area	
  that	
  you	
  need	
  
for	
  the	
  size	
  of	
  the	
  sample	
  that	
  was	
  cut).	
  
	
  
Place	
  bottom	
  piece	
  of	
  the	
  sample	
  clamp	
  onto	
  the	
  silicone/sample	
  system	
  
(do	
  not	
  press	
  down	
  hard	
  on	
  the	
  clamp	
  when	
  doing	
  this,	
  it	
  will	
  cause	
  the	
  
sample	
  to	
  wrinkle)	
  and	
  wait	
  for	
  30sec	
  for	
  the	
  glue	
  to	
  dry.	
  
	
  
When	
  glue	
  is	
  done	
  drying	
  flip	
  clamp	
  over	
  and	
  remove	
  the	
  silicon	
  layer.	
  
	
  
Put	
  the	
  top	
  piece	
  of	
  the	
  sample	
  clamp	
  down	
  onto	
  the	
  bottom	
  part	
  and	
  
insert	
  three	
  bolts	
  in	
  triangle	
  formation	
  around	
  the	
  clamp	
  and	
  connect	
  the	
  
nuts	
  (do	
  not	
  tighten	
  nuts,	
  as	
  this	
  will	
  cause	
  the	
  sample	
  to	
  wrinkle).	
  
	
  
Place	
  the	
  sample	
  clamp	
  onto	
  the	
  gas	
  feeding	
  rod	
  and	
  insert	
  the	
  three	
  
remaining	
  bolts	
  and	
  connect	
  nuts	
  (make	
  sure	
  the	
  sample	
  clamp	
  is	
  flush	
  
against	
  the	
  gas	
  feeding	
  rod	
  before	
  making	
  nuts	
  finger	
  tight).	
  
	
  
Connect	
  gas	
  feeding	
  rod	
  to	
  the	
  base	
  of	
  the	
  bulge	
  tester	
  and	
  tighten	
  down.	
  
	
  
Focus	
  the	
  MSA	
  400	
  on	
  the	
  surface	
  of	
  the	
  sample	
  using	
  dials	
  on	
  the	
  left	
  
side	
  of	
  the	
  MSA	
  400.	
  
	
  
To	
  center	
  the	
  laser,	
  use	
  microstage	
  to	
  move	
  the	
  clamp	
  assembly	
  so	
  that	
  
the	
  laser	
  is	
  on	
  the	
  outmost	
  part	
  of	
  the	
  circle.	
  	
  Then	
  using	
  the	
  graduations	
  
on	
  the	
  microstage	
  move	
  the	
  clamp	
  assembly	
  so	
  the	
  laser	
  is	
  in	
  the	
  center	
  
of	
  the	
  sample.	
  

	
  

This	
  should	
  be	
  half	
  way	
  
down	
  the	
  circle.	
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11)
12)
13)
14)
15)
16)
17)
18)

	
  

Start	
  LabView	
  interface	
  bulgetest.vi,	
  press	
  “reset	
  displacement”	
  button.	
  
	
  
Close	
  and	
  restart	
  LabView	
  bulgetest.vi	
  
	
  
Before	
  starting	
  the	
  LabView	
  interface,	
  input	
  the	
  max	
  pressure	
  and	
  
pressurization	
  rate.	
  
	
  
Start	
  the	
  program	
  (arrow	
  facing	
  right	
  in	
  top	
  left	
  area	
  of	
  LabView	
  toolbar.	
  
	
  
Once	
  desired	
  pressure	
  has	
  been	
  reached	
  input	
  the	
  next	
  desired	
  pressure.	
  
	
  
Repeat	
  step	
  15	
  until	
  desired	
  amount	
  of	
  repetitions	
  is	
  reached.	
  
	
  
Press	
  large	
  “Stop”	
  button	
  when	
  done	
  testing.	
  
	
  
Data	
  is	
  saved	
  in	
  My	
  Documents/Labview	
  as	
  test1.lv	
  when	
  program	
  is	
  
stopped.	
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